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Abstract

:

We explored the usage of a response modification factor and overstrength factor for analyzing brittle or ductile failure of anchor system. Parametric studies on the tension and shear behaviors of anchor systems were compared in terms of elastic and ductile design using tuned Gyeongju earthquake data (ca. 0.3 g). We evaluated the yields of concrete anchors in terms of ductile failure and reviewed the various anchors, anchor attachments, and facilities and equipment that ensure anchor safety and functionality. The pseudo-static pushover test and elastic/inelastic dynamic tests revealed that a ductile design reduces the seismic demand relatively efficiently. As the DS-0050 design standards are based on strength design, no displacement limit for non-structural facilities/equipment is imposed. Despite the advantages of ductile design, large displacements of equipment or facilities during seismic action can cause permanent deformation and fall-out of major compartments; also, rapid functional recovery may be difficult. Thus, displacement limits for non-structural equipment or facilities should be included in the design code.
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1. Introduction


Earthquake resistant design standard (DS-0050 [1]) and guidelines of electric power facilities consisted of transmission, substation and distribution facilities have recently been updated. The updated guidelines consider maximum ground acceleration equivalent to 10% of the excess probability over 100, 250, and 500 years (drawn as equidistant lines on a hazard map for Korea). These periods and over-probabilities reflect return periods of 1000, 2400, and 4800 years, respectively. In DS-0050, the zonal factors of earthquakes with return periods of approximately 2400 or 4800 years are determined for both existing and new 765-kV electrical power transmission and distribution facilities, to avoid collapse. The maximum peak ground acceleration (PGA) is 0.286 g (ca. 0.3 g). This reflects recent increases in seismic activity on the Korean peninsula. A wide range of stress redistribution over the plate-to-plate contact zone of the huge East-Japan earthquake is still underway. As major facilities, the design of electrical transmission and distribution centers must now consider higher levels of seismic motion. To ensure that concrete anchors meet the seismic provisions, ductile behavior in tension include designs based on the strength of the attachment, which is liable to ductile or brittle failure, and on anchor strength (also liable to ductile or brittle failure). In brittle anchor failure mode, an overstrength factor (Ωo) must be applied to the earthquake component (E) of the factored load [1,2,3,4,5,6]. Most structures allow designs that reduce the base shear force by reflecting the beneficial effects of flexible behavior. This concept prevents loss of life in advance and allows serious structural damage. However, special structures such as power facilities or nuclear facilities need to limit this sort of damage. There are structures that have relatively less impact on its own functionalities during/after a seismic action. Thus, the level of restriction needs to be applied differently in auxiliary structures apart from the main structures (i.e., electrical power transformer/substation, nuclear reactor vessel, and nuclear waste storage structure). Therefore, acceptable damage levels are commonly defined. The response modification factor, R consists of an inelastic energy absorption coefficient,    R μ   , and an overstrength coefficient    Ω o   . The overstrength may be estimated through pushover analysis. However, depending on the various structural types, it is cumbersome to perform pushover analysis every time, so it may be conservatively omitted. The overstrength coefficient of a general structure is in the range of 2–3.5 and may be expressed as half of the response modification factor. The inelastic energy absorption coefficient,    R μ    is affected by ductility, strain hardening, hysteresis loop, soil type, deformable mode, etc., and the method of quantifying this is used in four stages [7,8,9,10,11]. Since the 45 degrees cone method for anchoring to concrete, described in ACI 349-85 and PCI Design Handbook, was developed in the mid 1970s, experiments on their performance have been conducted intensively, when various types of anchors with embedded depth, edge distance, and anchor group effects. The  κ  method, introduced in ACI 349 and ACI 355 in the late 1980s was developed as a result of experiments at the University of Stuttgart in Germany [12,13]. In the 1990s, this method was improved and presented as a CCD (Concrete Capacity Design) method that can be used conveniently by users and an international database of experimental results was also established during the same period. Since then, the current ACI 318 and ACI 349 design methods are based on the CCD method [12,13,14,15,16]. Along the resisting capacity of the concrete bed, the upper system type is important to determine the response modification coefficient, R. For this, ASCE 7-16 provides response modification factor, R, overstrength factor    Ω o   , and deflection amplification factor,    C d    on various upper system such as moment resisting frame, ordinary/special wall and frames, dual system, etc., [3]. This forms the basis of the idea to select the upper structural system in the stage of seismic design. Alternatively, the R,    Ω o   , and    C d    can be evaluated in a pushover analysis or test. Once these three factors are determined, the column-base plate-anchor to concrete connection problem may arise in order to make most out of the ductile behavior between them under seismic action. Much research elaborates this traditional issue [17,18,19,20,21,22,23,24,25,26,27,28]. In order to extend the benefit of ductile capacity, the stretched length of steel anchor are often used in silos and containment vessels [29,30]. However, the force-based benefit may result in a severe drift. Given the high level of the PGA, DS-0050 permits ductile anchoring to concrete. The yield mechanisms for ductile failure includes those of the anchor, the anchor attachments, and the facility/equipment; these must be protected to remain functional. We explored the response modification and overstrength factors of an anchor system in terms of brittle and ductile failure. We also compared parametric studies on the tension and shear behaviors of anchor systems in terms of elastic and ductile design using tuned Gyeongju earthquake force data (maximum, 0.3 g).




2. Response Modification and Overstrength Factors


The earthquake responses of structures tend to be greatly reduced by attenuation caused by plastic behavior and/or friction. For modeling, a response correction factor (R) is used. If structural manipulation is expected to significantly reduce any effect of interest, the seismic force can be lowered using that factor. In line with Newton’s law, the maximum inertial force is obtained by multiplying the maximum acceleration by the mass. In Equation (1), A is the acceleration [usually expressed as the effective peak acceleration (EPA,  S ) during design] divided by the gravitational acceleration g. The earthquake hazard map of Korea shows the maximum ground acceleration equivalent to 10% of the excess probability over 100, 250, and 500 years as equidistant lines. These periods and over-probabilities reflect return periods of 1000, 2400, and 4800 years, respectively. DS-0050 [1] determines the zonal factors for earthquakes with return periods of approximately 2400 or 4800 years, applicable to existing and new 765-kV power transmission and distribution facilities; the goal is to prevent collapse. It is often assumed that the PGA expected in the zone is the zonal factor, but this is incorrect. The zonal factor  z  is usually determined by the EPA; the acceleration responses of short-cycle (   S  D S   )   structures affected by earthquakes are divided by 2.5 (Equation (1)).


   F E  =   A · W  R  =  (     α p   α h  z I / R  g   )  · W =  (     α p   α h   (  0.4  S  D S   =    S  D S     2.5    )  I  g   )  ·  W R  =  (     α p   α h  S  g   )  ·  W R   



(1)




where    α p    and    α h    are the component and height amplification factors, respectively and  S  is the effective ground acceleration in the form of   0.4  S  D S   I  . Flexible or high-rise structures with long oscillation cycles are likely to undergo large displacements and be greatly affected by the   P − Δ   effect. The base shear force is the total seismic load acting on the bottom part of the structure when that load is converted into an equivalent static load; it is calculated using Equation (2), where    F E   (  = V  )    is the base shear force and    C s    is a dynamic factor as illustrated in Figure 1.


   F E  = α  C s  · W  



(2)







If a structure is elastic and subjected to a very large earthquake load, there will be no structural damage. If a structure is inelastic (achieved by lowering the yield strength), the seismic load will also be low because significant plastic deformation will occur; this is likely to cause structural damage. If the yield strength of the structure induces inelastic behavior and the plastic performance prevents major structural damage, the structure can resist earthquakes and the economic burden is minimized. Against this background, the seismic design of structures aims to reduce the yield strength and thus render the structure resistant to earthquakes using structural elements that can withstand plastic deformation. The inelastic energy absorption coefficient    R μ    (ASCE 43-05 [7]) and ductility  μ  are widely used to represent the inelastic response of a structure with elastic behavior (Equation (3)).    F E    and    F y    are the elastic and yield forces, and    u m    and    u y    the maximum and yield displacements of the structure, respectively.


    R μ  =    F E     F y        ,   μ =    u m     u y      



(3)







A reduction of the structural yield strength    F y    to a value lower than the elastic seismic load    F E    allows the structure to engage in plastic behavior, although this behavior is not as expected because the structure exhibits overstrength. Therefore, to induce the expected behavior, the design strength    F d    must be further reduced by imparting structural overstrength. The base shear force that a structure can resist is usually greater than the design base shear force (the yield base shear force    F y   ). This overstrength indicates the extent to which the yield base shear force exceeds the design base shear force. When including overstrength in seismic design, the overstrength coefficient (   Ω o  =  F y  /  F d   ) is used; this is the ratio of the design load to the yield load. Thus, the seismic design criteria determine the value of the inelastic energy absorption coefficient (   R μ   ) multiplied by the overstrength coefficient (   Ω o   ); this is the response modification factor R (Whittaker et al., 1999, ATC-19, 1995, ASCE 7-16) of Equation (4).


  R =  R μ  ×  Ω o   



(4)







Elastic analysis using the response modification coefficient under a reduced seismic load shows that the displacement does not accurately reflect the inelastic behavior. Therefore, seismic design uses an approximation of inelastic displacement; the deflection amplification factor (   C d   ) is multiplied by the design deflection. During real-world structural design,    F d  =  F E  / R   is exceeded given the cascading increases in cross-section size or back-up mass; this is termed “design overstrength”. As the structural material strength exceeds the nominal strength, the structure behaves elastically under higher lateral forces than expected (“material overstrength”). As the lateral force gradually increases, the structure or its member moves out of the elastic range and can resist the formation of plastic hinges either locally or globally. This is attributable to structural redundancy, and is the “system overstrength” illustrated in Figure 2.



Equations (5) and (6) are relevant for the design of anchors in compression/tension zones. Care must be taken when using Equations (5) and (6) in the presence of negative vertical acceleration (7) to (10) below due to potential uplift. ASCE 7 defines the load combination when the earthquake load (E) is primary. D, L, and S are the dead, live, and snow loads, respectively. The basic earthquake load E is equivalent to    Q E     (  =  F E   )   . During elastic design, this horizontal earthquake load can be expressed as    E h  = ρ  Q E   , where  ρ  is a redundancy factor. On the other hand, during ductile design, the horizontal earthquake load can be expressed as    E  m h   =  Ω o   Q E   , where    Ω o    is an overstrength factor and  ρ  is set to 1. This reduces the response modification factor R to    R μ    (the decrease is expressed as    Ω o   ). This increases the horizontal earthquake load,    Q E   , because of the overstrength imparted by the design, material, and structural systems in a ductile design. Figure 3 shows graphical versions of the load combinations for elastic and ductile design.


  U = 1.2 D + 1.0 E + L + 0.2 S    



(5)






  U = 0.9 D + 1.0 E    



(6)




where,   E =  E h  ±  E v   ,    E h  = ρ  Q E   ,    E v  = 0.2  S  D S   D = 0.5 A · D   and the resulting load combinations are:


  U =  (  1.2 + 0.2  S  D S    )  D + ρ  Q E  + L + 0.2 S    



(7)






  U =  (  0.9 − 0.2  S  D S    )  D + ρ  Q E     



(8)






  U =  (  1.2 + 0.2  S  D S    )  D +  Ω o   Q E  + L + 0.2 S    



(9)






  U =  (  0.9 − 0.2  S  D S    )  D +  Ω o   Q E     



(10)








3. Pushover Simulation to Quantify the Factors of Interest


Figure 4 shows the anchorage of an arbitrary structure with a wide-flanged steel column (  H × B ×  t w  ×  t f   :100 × 100 × 5 × 8 mm) and four M8 anchor bolts.



Although localized plastic behavior may differ by system (structure) ductility, redundancy, overstrength, and damping, we focus on the anchor zone shown in Figure 4 to explore variations in base shear forces during the different failure mechanisms of structural elements. The base PL steel plate has dimensions of 300 × 300 × 10 mm and the concrete bed has dimensions of 1000 × 1000 × 200 mm; the anchor embedment is    h  e f      = 72.75 mm. The distance between the anchors is    c a     = 150 mm. The yield and ultimate strength of the steel column (SS400) are 235 and 400 MPa, respectively; the corresponding values for the high-tension M8 anchor bolt are 250 and 400 MPa. The bilinear hardening law is applicable to the steel elements. We employ a damage-plasticity model (modified Drucker-Prager model) (Figure 5).



The compressive and tensile strengths are 30 and 2 MPa, respectively. The strain softening model for plain concrete is used and the damage along the inelastic strain is defined as strength deterioration. In Figure 6, the anchor zone design is explored in terms of ductile failure (a). ASCE-7 permits other types of ductile failure, i.e., anchor supplement failure (b) and failure of the main structure or non-structural components (c). We applied a pushover test to the anchor zone using different failure mechanisms, to determine if the response modification and overstrength factors change.



The parametric analyses consider five scenarios: anchor ductile failure, column ductile failure, concrete brittle failure, elastic/inelastic behavior, and all elastic/inelastic materials (Figure 7).



Figure 8a shows the lateral force vs. displacement curve under various failure scenarios.



The brittle failure of concrete beds is associated with a high horizontal reaction with a small displacement. During ductile failure, column yielding is much greater than anchor yielding. In addition, both cracked and non-cracked concrete beds influence ductile behavior in terms of stiffness and strength. In Figure 8b, the material overstrength factor is apparent when comparing the strain-hardening and perfectly plastic behaviors, and by examining the inelastic energy absorption factor    R μ   . Figure 9 shows the maximum von-Mises anchor stress as the yield strength and elastic modulus of the steel column vary.



As the anchor yield strength is 250 MPa and the anchor is elastic, the main structure experiences swinging vibration. If the structure is stiffer and stronger, the anchor must be larger in diameter and the embedded length must increase; thus, elastic anchors are expensive. The data can be interpreted as the equivalency between the elastic energy    U e    and inelastic energy    U i    in the lateral force-displacement curve (Figure 2). Figure 10 illustrates the importance of the anchor ductile yield under large lateral displacements; it reduces the reaction (base shear force) of the structure.



Figure 11a shows the von-Mises stress contour of the model (ductile anchor yielding in tension) and Figure 11b illustrates the brittle concrete damage (crack) in the vicinity of the steel anchor.



Figure 12 shows the measured response modification factor R (5.0) and overstrength factor (material overstrength factor; 1.65). Thus, the inelastic energy absorption factor    R μ    is 3.0.



This reduces the total reaction of the system and the von-Mises stress level of the anchor in the cyclical pushover test (Figure 13).




4. Dynamic Simulation under DS-0050


In this section, a simplified electrical power transformer (single lumped mass system) with dimensions of 2.2 × 1.5 × 1.2 m is anchored using anchors differing in diameter (M24, M36, and M48) and embedded length (150~450 mm). The weight of the transformer is 1300 kN (132.52 tonnes); this is applied at the center of gravity Figure 14a. The “anchor supplement” is beam-linked to the center of gravity. Surface interactions occur between the bottom face of the anchor supplement and top surface of the concrete. The friction coefficient is set to 0.4. The circumferential surface of the embedded anchor and corresponding inner concrete hole are multiply constrained. The concrete bed has dimensions of 3650 × 3020 × 500 (~700) mm and the anchor embedments are    h  e f      = 150, 300, and 450 mm for M24, M36, and M48, respectively. The anchor steel supplements are a single vertical PL (300 × 140 × 20 mm), a single horizontal PL (140 × 115 × 20 mm), and two triangular PL diaphragms (172 × 115 × 16 mm) Figure 14b.



In order to consider material damage, a nonlinear material model was considered. The Drucker-Prager Cap model was used as a concrete damage model, and its yield surface is shown in Figure 15. This failure surface consists of a shear fracture surface and an equivalent compression fracture surface.



This is the shear failure surface (   F s   ), the compression failure surface (   F c   ) using the end-cap, and the transition surface (   F t   ) to supplement the occlusion continuity by connecting them. The nonlinear strain hardening section represents plastic compression and can control volume expansion.


   F s   (  σ , β , d  )  = q − p · t a n β − d = 0    



(11)







Here,   p = −  (   1 3   )  trace  ( σ )   ,   q =    3 2   (  s : s  )     ,   s = σ + p I  , and   p   is an isotropic confining stress,   q   is a von-Mises equivalent stress, and  s  is a deviatoric. The shear failure surface (   F s   ) is determined as shown in Equation (11) by the internal friction angle  β , cohesion,    d    and resistance functions for the current deriving stress tensor  σ . As shown in Equation (12), the Cap compression failure surface provides an inelastic mechanism representing compression softening by limiting the fracture surface during isotropic compression, and simulates shear hardening behavior as a function of an inelastic volume increase occurring when concrete materials are fractured. Plastic volume compression (when compressed and yielded from the Cap surface) causes softening, and plastic volume expansion (when yielded from the Drucker-Prager shear failure surface) causes hardening.


   F c  =      (  p −  p o   )   2  +    [    R · p    (  1 + α − α / c o s β  )     ]   2    − R  (  d +  p a  t a n β  )  = 0    



(12)







Here, R is the material coefficient that controls the cap shape,  α  is the value used to define the smooth transition surface between the shear failure surface and the cap, and    p a      is the stress representing hardening/softening that causes plastic volume deformation. The hardening/softening law is a function that defines the relationship between isotropic compression yield stress,    p b    and volumetric plastic strain,    ε v p   . For nonlinear steel material, the perfectly plasticity was assigned. The yield and ultimate strength of the steel column (SS400) are 235 and 400 MPa, respectively; the corresponding values for the high-tension anchor bolt (M24, M36, M48) are 250 and 400 MPa. The compressive and tensile strengths are 30 and 2 MPa, respectively. The progressive tension and compression damage were used as shown in Figure 5. The surface interaction between concrete bed and anchor plate was modeled a master-slave surface interaction with friction (  μ =  0.4) and no overlapping is allowed. Since no reinforcement was model in concrete bed, the interaction property between steel anchor and concrete bed was modeled a master-slave surface interaction with tie option.



Data for the Gyeongju earthquake (Richter scale = 5.8) occurring in South Korea in 2016 were analyzed after tuning to a maximum PGA of 0.3 g (Figure 16).



The input motion changed on initial zero padding of the time axis. This reduced the correlations among the three different directional inputs when the input motions were simultaneously applied. Correlations among the motions were calculated using Equation (13) and were 0.4%, 0.048%, and 0.043% for X vs. Y, Y vs. Z, and X vs. Z, respectively. Therefore, the three orthogonal input motions are almost completely decoupled. Below, we discuss the structural responses to these simultaneously input motions and the ASCE 7 100:40:40 combination of individual input motions.


  δ  ( % )  =  1 N    ∑   i = 1  N     (   X i  −  X ¯   )   (   Y i  −  Y ¯   )     s X  ·  s Y    × 100  



(13)







Figure 17 shows the pushover simulation results obtained with M24 anchors and regular (intact) steel supplements; we present the lateral force-displacement curves associated with different failure mechanisms.



The inelastic behaviors (all of which are nonlinear) exhibit much lower reactions than the elastic restoring forces. The case in Figure 17 highlights the large difference.



The mass of the structure is lumped at a single reference point (the center of gravity) and the structure is rigid. The ductility is derived from only the anchors and their supplements. Figure 17b indicates that the elastic, ductile design load limits are 586 and 398 kN, respectively. The nonlinear pushover simulation reveals a lateral force of 200 kN when the lateral displacement is about 15 mm, which is considerably less than the load design limits. The longitudinal tensile forces acting on each anchor are shown in Figure 18.



The elastic pushover simulation reveals that the independent (100:40:40) and simultaneous motions are associated with average anchor forces of 225 and 180 kN, respectively; the elastic design limit is 170 kN. Therefore, the M24 anchor is unsatisfactory. However, using a ductile design, the average anchor force is around 50 kN, which is satisfactory; the design limit is 141 kN. Figure 19 shows that all of the anchor shear forces satisfy both the elastic and ductile design limits.



During elastic/nonlinear time history analyses, simultaneous input motions (x: 0.3 g, y: 0.3 g, z: 0.15 g) were applied in three orthogonal directions. The time histories of inertia forces and displacement at the center of gravity (elevation from concrete bed = 0.6 m) are shown in Figure 20.



The lateral inertial force at the center of gravity was calculated via finite element analysis. Figure 21 shows the horizontal earthquake load;    Q E     = 586 kN bounds both the elastic and ductile behaviors of the system.



The lateral displacement is about 12~13 mm (Figure 22).



The von-Mises stress is drastically reduced when ductility is present; simultaneous, correlated input motions exert effects that differ from those of independent input motions under the 100:40:40 ratio (Figure 23).



Contour plots of the anchor zone are shown in Figure 24a–d. The compression/tension damage is confined to the vicinity of the concrete hole and the bottom of the anchor rod. The von-Mises/shear stress distribution indicates that the highest stress develops in the fixture zone (the washer-nut zone) and the friction-resistant zone around the anchor at the top of the concrete surface.



When incorporating the M24 anchor system (   h  e f      = 150 mm) into an elastic design, it is possible to increase the anchor diameter to M36 (   h  e f     = 300 mm) or M48 (   h  e f      = 450 mm). The M24 anchor yields under the current 0.3 g standard for the earthquake load. The M36 system just reaches the yield limit; the M48 system exhibits a yield strength of 70% (Figure 25a).



Figure 25b shows that the inelastic energy absorption factor    R μ    ranges up to about 6 during a 0.3-g earthquake. Figure 26 shows the reductions in von-Mises stress caused by (a) ductile anchor yield and (b) enlarged anchor diameters and embedded lengths. We do not discuss the alternative methods here.




5. Conclusions


DS-0050 has been updated to determine the zone factors for earthquakes with return periods of approximately 2400 and 4800 years, for existing and new 765-kV electrical power transmission and distribution facilities; anti-collapse is prioritized. The maximum PGA is ca. 0.3 g. Given this high PGA, DS-0050 permits the use of ductile design for anchoring to concrete. We explored and evaluated how the different yield mechanisms of anchors in concrete handle ductile failures; we evaluated the anchor itself, and the anchor attachments and associated facilities/equipment. These components must all be protected and continue to function. The pseudo-static pushover and elastic/inelastic dynamic tests revealed that a ductile design efficiently reduces seismic demands. It was confirmed through parametric pushover analyses that the ductile behavior according to the nonlinearities of concrete or steel materials significantly reduces the lateral seismic force compared to the elastic design-based behavior. The greater the strength/rigidity of the upper structure, the greater the tensile and shear force acting on the anchor, which puts a burden on the anchor. Among the parametric failure scenarios, the anchor yielding showed the greatest reduction in lateral seismic force. The system overstrength is determined by the maximum tensile strength according to the yield of the superstructure or anchor itself. Thus, it is necessary to determine the overstrength by fabrication type of an upper structure. ASCE 7-16 presents response modification coefficients, overstrength coefficients, and deflection amplification coefficients according to various superstructure formats (building structures, non-building structures, equipment/facilities, etc.), but if not presented, pushover test or analysis are required. Therefore, it is necessary to consider a conservative method of applying only the nonlinear energy absorption coefficient    R μ    without considering the problematic overstrength coefficient for structures that require structural damage limit level or service limit level. In the dynamic analysis, 3-directional excitations (x: 0.3 g, y: 0.3 g, and z: 0.15 g) for a simplified electric transformer model (size: 2.2 × 1.5 × 1.2 m, center of gravity = 0.6 m) were applied. The lateral seismic force generated in the center of gravity was similar to the equivalent static load presented in ASCE 7-16, and the anchor forces have been changed from ductile behavior to elastic behavior according to anchor diameters (M24, M36, M48). In the case of elastic design, the tensile force of the anchor was four times larger than the shear force of the anchor. In the case of ductile design, it was found that the tensile force and shear force of the anchor were similar to each other. As the DS-0050 design criteria are based on strength design, no displacement limits for non-structural facilities/equipment are given. Despite the advantages of ductile design, large displacements of equipment or facilities during seismic action can cause permanent deformation, fall-out of major compartments, and difficulties in terms of rapid functional recovery. To avoid these problems, displacement limits for non-structural equipment or facilities should be included in the completed design code.
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Figure 1. Dynamic factors in different structural periods,    S  D 1    : the design spectral response acceleration parameter at a period of 1.0 s. 
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Figure 2. Response modification, overstrength and ductility. 
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Figure 3. Load combinations when the primary load is an earthquake. (a) Redundancy factor. (b) Overstrength factor. 
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Figure 4. Anchor zone modeling for the pushover test. 
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Figure 5. (a) Inelastic material behavior of compressive concrete. (b) Variations in tensile strength and damage. 
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Figure 6. Sources of ductility in the anchor zone. (a) Anchor yield. (b) Anchor support yield. (c) Structure/equipment yield. 






Figure 6. Sources of ductility in the anchor zone. (a) Anchor yield. (b) Anchor support yield. (c) Structure/equipment yield.



[image: Applsci 11 10019 g006]







[image: Applsci 11 10019 g007 550] 





Figure 7. Pushover simulations for different failure mechanisms. 
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Figure 8. Pushover simulations. (a) Lateral force vs. lateral displacement under different failure scenarios. (b) Zoomed-in curves of the anchor yielding scenarios shown in (a). 
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Figure 9. Pushover simulations. Maximum anchor von-Mises stress vs. lateral displacement under different (a) column yield strengths and (b) column elastic stiffnesses. 
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Figure 10. Pushover simulations. Maximum anchor von-Mises stress vs. lateral displacement curve for different failure scenarios involving a cracked concrete bed. 
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Figure 11. Pushover simulations. (a) Anchor yield failure. (b) Concrete brittle failure. 
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Figure 12. Pushover simulations. Response modification factor   R  , overstrength factor    Ω o   , and inelastic energy factor    R μ   . 
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Figure 13. Cyclic pushover simulations (a) for different failure mechanisms. (b) Normal and shear stresses vs. plastic strain. 
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Figure 14. (a) Finite element model used for dynamic time history analysis under an earthquake load. (b) Model for the anchor and steel supplements. 
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Figure 15. Failure criterion of Cap plasticity for concrete materials. 
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Figure 16. The measured Gyeongju earthquake data (scaled to a maximum of 0.3 g). 
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Figure 17. Pushover simulation of the entire model. (a) Simulation with different failure mechanisms. (b) Zoomed-in view of (a). 






Figure 17. Pushover simulation of the entire model. (a) Simulation with different failure mechanisms. (b) Zoomed-in view of (a).



[image: Applsci 11 10019 g017]







[image: Applsci 11 10019 g018 550] 





Figure 18. Anchor forces under tension (M24, pushover analyses). 
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Figure 19. Anchor forces under shear (M24, pushover analyses). 
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Figure 20. Lateral inertial forces: (a) x dir., (b) y dir. and displacements: (c) x dir., (d) y dir. at the center of gravity. 
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Figure 21. Lateral inertial forces at the center of gravity (M24, dynamic analyses). 
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Figure 22. Lateral drift at the center of gravity (M24, dynamic analyses). 






Figure 22. Lateral drift at the center of gravity (M24, dynamic analyses).



[image: Applsci 11 10019 g022]







[image: Applsci 11 10019 g023 550] 





Figure 23. Maximal von-Mises stress variations of the anchor: results of elastic and inelastic time history analyses. 
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Figure 24. Contour plots of the anchor zone. (a) Tensile damage,    d t    (b) Compressive damage,    d c    (c) von-Mises stress,    σ  v m     (d) Shear stress,    σ  13    . 
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Figure 25. (a) von-Mises stress variations with anchor size. (b) Response modification factors measured during an earthquake. 
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Figure 26. von-Mises stress variations with anchor size. (a) Elastic and (b) inelastic shear stress in the direction of the shorter dimension (c) and longer dimension (d). 
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