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Abstract: TADAS dampers are a type of passive structural control system used in the seismic design or retrofitting of structures. These types of dampers are designed so that they would yield before the main components of the structure during earthquake. This dissipates a large portion of the earthquake’s energy and reduces the energy dissipation demand in the main components of the structure. Considering its suitable performance, this damper has been the subject of numerous studies. However, there are still ambiguities regarding the effect of the number of these dampers on the retrofitting of reinforced concrete (RC) frames and their design procedure. In this study, a single-story, single-bay RC frame with the scale of 1:3, equipped with the TADAS damper, was subjected to hysteresis loading until the drift of 4%. Then, for further assessment, 48 calibrated numerical models were constructed in ABAQUS and the effects of the number of TADAS dampers and column axial force upon the stiffness, strength, and ductility of the frame were accurately investigated. Also, a number of formulations were presented to calculate how the stiffness and lateral strength of the retrofitted frame are affected by an increase in the number of the TADAS plates. The results showed that if the shear capacity of the retrofitted frame is three times that of the initial frame, the structure would have the best response. In addition, if the axial force in the columns exceeds 0.2 Pcr the energy dissipation and ductility factor of the frame drastically decrease.
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1  Introduction

The Triangular-Plate Added Damping and Stiffness (TADAS) is amongst the seismic systems whose addition to a structure not only improves its seismic parameters, but also increases its stiffness and strength to some extent. With its premature yielding, this type of damper absorbs a portion of the energy entering the structure, which results in minimum damage being inflicted upon the main components of the structure. Due to the suitable performance of this type of damper, the numerous investigations are conducted on this issue, some of these are presented in the following.

Yielding plates were first used in the structure of nuclear power plants [1]. Then, further studies were carried out in Berkley University on X-shaped yielding plates used in a three-story structure [2,3].

In 2011, Yousefzadeh et al. [4] studied the optimal placement and specifications of the spell TADAS plates. The study was focused on a number of steel structures that did not perform desirably against earthquakes. The results showed that optimizing the placement of the damper is influential in improving the behavior of the structure. Mahmoudi et al. [5] studied the strength reduction factor of special RC frames retrofitted with TADAS plates. In that study, the OpenSees computer program was used to perform nonlinear incremental dynamic analyses. The results showed that the strength reduction factor of frames with TADAS plates were higher than the frames that did not incorporate them. The seismic behavior of RC frames with TADAS plates are investigated by Moghaddasi et al. [6]. The analytical models included three eight-story RC frames whose lateral bracing systems were Chevron braces with TADAS dampers. The results of the dynamic analyses revealed that in addition to improving the seismic behavior of the frame, the TADAS damper also significantly improves the energy dissipation of the RC frames.

In 2016, Saeedi et al. [7] investigated and compared the effects of TADAS dampers on steel structures. In addition to presenting a series of relationships to calculate the stiffnesses of the plates, the authors showed that this type of damper clearly increases stiffness and decreases the drifts of the stories. Shojaeifar et al. [8] investigated the behavior of the TADAS plate in combined with another yielding damper. They examine this type of damper in the beam-column connection region. The result of this study shows that this type of damper can absorb large amount of earthquake input energy of the structure.

Numerous investigations have also been carried out on Added Damping and Stiffness (ADAS) dampers [9–11]. One of the fields of yielding dampers is the comparison between the geometries of yielding plates used in structures. Alehashem et al. [12] presented a comparison between the TADAS and ADAS yielding plates. The results were indicative of an increase in the period of structures equipped with these two types of dampers, with the structures incorporating the ADAS plates having the larger period. ADAS and TADAS are not the only yielding dampers and other concepts have been utilized in structures by other researchers [13–15].

Many kinds of research in regards to the retrofitting of RC structures with steel elements have been done [16–22]. In these investigations, the effect of adding new elements such as the steel shear wall and different kinds of braces on the stiffness and ultimate strength of the frame were evaluated. New experimental studies on retrofitting RC structure with various kinds of braces such as EBF, X, Knee and Chevron with the shear link were done by TahamouliRoudsari et al. [23]. The studies have revealed that although the concentric brace enhances the both ultimate strength and stiffness of the concrete frame, it decreases its ductility. Also, regarding the performance of eccentric braces, it was observed that they exhibit appropriate behavior, but they lead to significant damage to the frame.

New investigations showed that retrofitting RC structures using TADAS and ADAS dampers results in a far more desirable performance for the structure than other systems such as braces of different types [24]. In that study, although it was proved that the TADAS and ADAS dampers are superior to other systems, no accurate approach was presented for the design and retrofit of RC frames using yielding dampers.

The aim of the present study is to demonstrate the seismic behavior of concrete moment-resisting frame affected by number of TADAS plates and column axial force. The experimental investigations of TahamouliRoudsari et al. [24] were used to verify the numerical model. Then, 48 pushover analyses were conducted to describe the effect of the number of yielding plates on the seismic parameters of the frames such as ductility, energy dissipation, and effective stiffness. Finally, some relationships were proposed for the calculation of stiffness and lateral strength of the structure for increasing numbers of yielding plates. The results demonstrate that when the ultimate lateral strength of the equipped frame is three times greater than that of the initial frame, the seismic parameters of the structure are in an optimal state. Also, if the axial force of the column exceeds 0.2 Pcr, both the energy dissipation and ductility of the structure are significantly decreased.

2  FEM Verification

The experimental model constructed by TahamouliRoudsari et al. [24] was used for the verification of the numerical model. The scale of the frame was 1:3, with the lengths of the beam and the column being 145 and 100 cm, respectively (Fig. 1). Also, the dimensions of the beam and the columns were 15 cm × 15 cm and the dimensions of the foundation were 20 cm × 30 cm. The experimental model was modeled in ABAQUS using the following assumptions:

•   In the experimental study, all of the failures took place in the plates and no failure was seen in neither the weldings nor the bolts. Therefore, in ABAQUS, the “Merge” command was used instead of modeling the welding.

•   Since failure was not observed in different parts of the brace, the connections between these parts were furnished with “Tie” constrained in ABAQUS.

•   The materials of the concrete and the steel were considered to be isotropic.

•   The slippages between the concrete and the steel rebars and also between the steel plates connected to the beam were overlocked.

•   The “Tie” command was used to account for the steel plates in contact with the RC frame.
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Figure 1: Schematic of the experimental RC frame and reinforcement details [11]

Fig. 1 shows the schematic of the experimental RC frame and reinforcement details [11]. To model the components of the frame such as the concrete and steel plates, the eight–node solid element was used and the steel rebars were modeled using beam elements. To model the concrete damage behavior, the Concrete Damage Plasticity (CDP) option was used, which is capable of simulating the failure behavior of concrete and its behavior under complex loadings Jankowiak et al. [25]. Table 1 contains the parameters of the CDP option in ABAQUS. In this table, K and Fb0/fc0 are the second stress-invariant-ratio on the tensile meridian, the initial equibiaxial compressive ratio of yield stress to initial uniaxial-compressive of yield stress, respectively.
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One of the most important parts of a finite element analysis is the selection of a suitable mesh grid. To select suitable mesh dimensions, a sensitivity analysis was performed on the mesh of different parts of the frame. A finer mesh was employed in the parts with larger deformations and stresses. Table 2 presents the mesh dimensions of different parts of the model. The finite element model and its mesh grid are shown in Figs 2a and 2b. The pushover displacement-control quasi-static load was applied to the frame in the lab until the drift of 4.2%. Comparing the experimental push results and FEM model the in Fig. 3 shows the high accuracy of the FEM model and that it can be used for further analyses.
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Figure 2: The FEM (a) The RC frame (b) The mesh (c) The frame at the end of loading (d) Relationship between stress and strain of the concrete (e) The TADAS damper after loading
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Figure 3: Comparison between the force–drift diagram obtained from ABAQUS and the experimental push results

The stress-strain diagram used in this study (Fig. 2d) depicts the concrete behavior that was introduced by Kent et al. [26] in the form of Eq. (1). In this formula, 
σc′
is the compressive stress of the concrete that, in the experimental model [24], was represented to be 34.1 MPa. Also, the value recommended for the strain corresponding to the ultimate stress of the concrete, 
ε′c
, is 0.002 [27].


σc=σc′[2(εcεc′)−(εcεc′)2]
(1)

3  Numerical Models and the Calculation of Their Seismic Properties

If properly designed, the addition of TADAS dampers to the frame improves its seismic behavior. In this regard, the following can be mentioned:

•   Adding this damper to the RC frame considerably decreases the pinching effect.

•   If a high number of yielding plates are used, due to the increasing in the shear capacity, the plates yield later than the frame itself. In other words, prior to the yielding of then plates, substantial failure would take place in the frame. Conversely, if a low number of yielding plates are used, due to their low shear capacity, the lateral capacity of the frame would be low and therefore, the retrofitting scheme would be ineffective. So, the number of the TADAS plates has to be determined so that the lateral capacity of the frame would be increased, while as the same time the TADAS plates would yield before the lateral yielding of the frame.

•   The dampers have to be placed in a portion of the structure which, during earthquake or the application of an external force, carries the maximum drift.

•   With a suitable design, failure can be directed to take place in the dampers which can be replaced after earthquake.

•   The vertical load in the columns can be directly influence the seismic parameters of the frame. These effects were not taken into account in the TahamouliRoudsari et al. [24] study.

Thus, one of the important points in the behavior of structures retrofitted with this type of damper that needs to be addressed is the sensitivity of the seismic parameter of the frame to the number of the TADAS plates and the axial force of columns. In this study, based on 48 verified FEM models, the effects of the number of TADAS yielding dampers and column axial load on the seismic parameters of the frame have been investigated. Also, theoretical relationships have been presented for a quick estimation of the stiffness and strength of the frame. The RC frame used in the TahamouliRoudsari et al. [24] study, with the same dimensions, was used for the numerical analyses but the number of TADAS dampers varied from 1 to 8. Also, six cases of column axial force were considered (0, 0.1, 0.2, …, 0.5 Pcr) in the analyses. Pcr is the critical load of the columns which, based on the ACI 318-14 [28], was calculated to be 405 KN. For a more convenient interpretation of the results, the models were given separate names, as shown in Table 3. For instance, M3-5 is a model with 3 TADAS yielding plates and a column axial force of 0.5 Pcr.
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The backbone diagram can be obtained from the max-points in the hysteresis diagram. Afterwards, using the FEMA [29] guideline, the backbone diagram can be approximated by an idealized bilinear diagram. The equivalent bilinear diagram has to be drawn so that the area beneath it would be equal to that of the backbone diagram. The backbone and equivalent bilinear diagrams are qualitatively shown in Fig. 4. The parameters Vw, Vy, and Vd are the design strength, yield strength, and ultimate strength, respectively. The parameters of stiffness and ductility are defined by Eqs. (2) and (3).


Ke=VyΔy
(2)


μ=ΔdΔy
(3)
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Figure 4: Bilinear representation of the pushover curve [23]

4  Numerical Models and Assessing the Results

In the pushover analyses, the lateral displacement lasted until a decrease was seen in the curve. Then, bilinearizing the diagram, the effects of the axial force of columns and the number of TADAS yielding dampers on the seismic behavior of the RC frame including lateral stiffness, dissipated energy, and ductility factor were evaluated. Also, to quickly estimate the strength and the stiffness of the plates, relationships were presented that can, with suitable accuracy, calculate the ultimate strength and the stiffness of the RC frame with respect to an increase in the number of the plates. Fig. 5 illustrates the equivalent bilinear and force–displacement curve of four of the FEM models. In these plots, the vertical and horizontal axes respectively represent lateral force in kN and drift.
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Figure 5: The force-displacement and bilinear diagrams of the (a) M-2-1 (b) M-5-0 (c) M-3-1 (d) M-8-3 (e) M-2-0 (f) M-7-0 models

5  Effective Stiffness

Fig. 6 displays the variation of the effective stiffness of the RC frame as a result of change in the number of TADAS dampers and column axial load. As it can be observed, by variation of the number of yielding plates, the stiffness of the RC frame increases. The increasing rate of the stiffness with respect to the increase in the number of dampers is almost the same in all of the samples and is equal to 3.31 kN/mm per TADAS plate.
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Figure 6: The stiffness of the frame with respect to variation of TADAS yielding plates and column force increase

In the experimental model [24], the yield stress and young’s modulus of the TADAS plates were 198 Gpa and 221 MPa, respectively. To calculate its stiffness, the support conditions of the TADAS plate were considered to be fixed on one end and guided on the other (Fig. 7) and the lateral stiffness was calculated using Castigliano’s method. Based on Castigliano’s second theorem, the displacement of a point on the beam is calculated via the following equation:


δ=∫0LMEI∂M∂Pdx
(4)
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Figure 7: Dimensions of the TADAS plate and its support conditions

In this equation, EI and M are the flexural rigidity and bending moment of the plate, respectively.


Δ=∫020V.(x−75)2198×112×150×83dx+∫20130V.(x−75)2198×112(185011−10x11)×83dx+∫130150V.(x−75)2198×112×150×83dx
(5)


Δ=0.067V+0.155V+0.067V−>Δ=0.289V−>K=3.46KN/mm
(6)

The lateral stiffness of one TADAS plate was calculated to be 3.46 kN/mm which is reasonably accurate when compared to the average value calculated by ABAQUS, i.e., 3.31 kN/mm. Therefore, instead of carrying out time-consuming numerical analyses, this formula can be used to calculate the increase in the stiffness of the structure with respect to the increase in the number of TADAS plates.

Eq. (5) has been obtained based on the modeling of the TADAS plate with beam elements. Since the length of the element is smaller than its width, beam elements introduce a degree of inaccuracy into the modeling. To evaluate the level of accuracy of Eqs. (4)–(6), the TADAS plate was also modeled in ABAQUS (Fig. 8). The specifications of the steel were taken from reference [24]. The bottom of the plate was clamped and the top of the plate had a guided support. Fig. 8a shows the pushover diagram of the TADAS plate. The initial stiffness obtained for the diagram was a 3.31 kN/mm, which confirms to the experimental data. The discrepancy in the calculated stiffnesses by the beam element model and the shell model is less than 5%. Therefore, Eq. (5) and the beam element model are reliable for engineering calculations.
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Figure 8: (a) Force-displacement diagram (b) Finite element model of the TADAS plate

The geometrical properties and young’s modulus of the steel affect the lateral stiffness of the TADAS plate. A closer look at Eq. (5) reveals that the initial stiffness of the plate is directly related to the young’s modulus of the steel, width of the plate, and the third power of the plate’s thickness. The initial stiffness of the TADAS plate is inversely proportional to the third power of its height. The same correlation can also be demonstrated for the shell element models. Fig. 9a shows the dimensions of the modeled TADAS. The pushover analysis and the stiffness of the TADAS plate were performed and obtained for different values of b, t, and h. Fig. 9b demonstrates the effect of different geometrical properties on the lateral stiffness of the TADAS plate. It can be seen that the lateral stiffness of the TADAS plate is directly proportional to t3 and inversely proportional to h3.
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Figure 9: (a) Dimensions selected for the TADAS plate for the sensitivity analysis (b) Diagram of the effects of height, width, and thickness of the plate on the lateral stiffness TADAS damper

A dimensionless diagram is presented which shows the effective stiffness of the retrofitted RC frame as a function of the axial load of the columns and the lateral strength of the retrofitted RC frame (Fig. 10). To make this diagram, the stiffness and strength ratio of the retrofitted RC frame to that of the initial RC frame was used. Videlicet, the upper line in the diagram is related to the RC frame retrofitted with eight TADAS plates whose shear capacity is 3.81 times greater than that of the initial frame. The ultimate lateral strength of the moment resisting frame in the experimental model [24], study was reported to be equal to 39.6 kN. The results of this diagram can be very useful to surmise what the lateral stiffness of the RC frame equipped with TADAS is.

[image: images]

Figure 10: The rate of increase in the effective stiffness of the frame with respect to the increase in strength and column force

6  Ultimate Strength

The effects of the number of TADAS damper and column axial force on the ultimate strength of the frame plotted in Fig. 11. It can be observed that by increasing the number of the dampers, the ultimate lateral strength of the RC frame has increased. The average of this increase for every TADAS plate is equal to 10.93 kN. The ultimate shearing capacity of a TADAS plate can be calculated using Eq. (7):


ΔV=2Mpl
(7)
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Figure 11: Ultimate strength of the model with respect to variation of TADAS dampers and column force

In which L represents the distance between locations at which plastic hinges have been created in the TADAS plate.


ΔV=2×Z×FyL=2×1/4×0.221130(150×82+50×82)=10.88KN
(8)

Values predicted by Eq. (7) are close to the ones obtained from the numerical analyses. The effect of axial force is more pronounced when the number of TADAS plates is bigger than 4, and the frame has had a decreasing ultimate lateral strength of almost 4.3 kN for a column axial force increase of 0.1 Pcr.

7  Parameters Affecting Ductility and Energy Dissipation

Figs. 12a and 12b show the effects of both the axial load of columns and the number of TADAS dampers on the ductility and dissipated energy of the model. As it can be observed, increase in the axial force of the columns has resulted in the ductility factor and dissipated energy of the frame being decreased. If the column axial force is greater than 0.2 Pcr, decrease in the ductility and dissipated energy of the frame is significant. When the number of the yielding plates is 5 or 6, a column axial force range of 0 to 0.2 Pcr would lead to the most suitable response by the structure. Therefore, based on Fig. 10, the shear capacity of the equipped frame is about 3 times that of the initial frame. In this case, one can be certain that the retrofitted structure has the highest energy dissipation and ductility.

[image: images]

Figure 12: The effects of the number of TADAS dampers and increase in column axial force on (a) Ductility and (b) Energy dissipation

8  Case Studies RC Moment-Resisting Frames Equipped with TADAS Plates

We consider the structure shown in Fig. 13. A five-story RC structure with the story height of 3 m and intermediate RC moment resisting frame lateral systems on both directions is considered. Retrofitting is done for multiple reasons, the most important of which are change in seismic design standards, change in occupancy, adding stories to the structure, low quality of the concrete, and the poor stiffness and strength. It is assumed that the structure is in need of retrofitting. We assume that the structure is weak in the X direction and cannot withstand more than 50% of the lateral load proposed by seismic design standards. In each story, four bays along the X direction are retrofitted with Chevron braces and TADAS dampers. Side bays of the A and B frames are chosen to be retrofitted. The A and B frames of the retrofitted the structure are shown in Fig. 14.

[image: images]

Figure 13: Plan of the considered structure
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Figure 14: Views of the A and B frames of the structure

If the seismic weight of each story (including the entire of the dead load and a percentage of the live load) is equal to 2300 kN, the overall weight of the building would be equal to 11.500 kN. If the seismic coefficient of the structure is assumed to be 0.18, then:


V=C×W=0.18×11500=2070KN
(9)

The structure has been designed for an earthquake force of 1380 kN, meaning that the structure is 50% weaker. As previously mentioned, a structure equipped with TADAS dampers would display its best performance if the lateral strength of the retrofitted structure is three times bigger than that of the bare frame. In other words, the collective ultimate strength of the dampers has to be twice the shear force of the bare frame. So, the TADAS dampers in the ground floor in the X direction have to be able to withstand a force of 2 × 1380 = 2760 kN. The thickness of the TADAS dampers was 25 mm and their geometry is shown in Fig. 15. The specifications of the steel of the dampers were the same as the experimental models. Using Eq. (7), the ultimate shear force of each plate can be calculated as:

[image: images]

Figure 15: Dimensions of the retrofitting TADAS plates


ΔV=2.Z.FyL=2×1/4×0.221250(400×252+50×252)=124.31KN
(10)

Therefore, the total number of dampers needed would be 2760/124.3 = 22.2, which was rounded up to 24. In each Chevron race, six TADAS dampers were installed. The dampers of the first floor absorb the entirety of the shear force imposed by the earthquake. In the upper stories, the shear force attenuates and therefore fewer dampers are needed (Fig. 16). It has to be kept in mind that to calculate the number of TADAS dampers in the upper stories, one should be aware of the seismic design code used for the design of the structure, so that the earthquake force at each story could be calculated and the number of dampers could be determined on a pro rata basis.

[image: images]

Figure 16: Seismic force at each story

The stiffness of each TADAS plate is calculated through Eq. (5) as follows:


Δ=∫050V.(x−150)2198×112×400×253dx+∫50250V(x−150)2198×112(9754−74)×253dx+∫250300V(x−150)2198×112×400×253dx
(11)


Δ=0.345V→K=28.985KN/mm
(12)

For 24 dampers in the ground floor, the stiffness of the structure would increase by about 696 kN/mm. The following points should be paid attention to:

•   Originally, the structure was 50% weaker than what was necessary for the withstanding the lateral forces. The lateral strength of the structure is now three times greater than the original state, meaning that from the lateral strength the standpoint, the structure is reliable.

•   The profile of the columns and beams are known, the stiffness of the retrofitted structure can be obtained. Finally, by observing the drift of the structure, the efficiency (or lack thereof) of the added dampers in each story can be determined. Since the lateral strength of the retrofitted structure is about three times bigger than that of the bare frame, the stiffness of the structure has increased substantially. You structure, therefore, can safely absorb the drift of the stories.

•   If the drift value is not satisfied, the number of the TADAS plates should be increased. In that case, the lateral strength of the retrofitted structure would be three times bigger than that of the original structure, effectively making the retrofitting scheme non-optimal. It is, therefore, better to strengthen the columns and beams of the original structure as well.

•   By being aware of the axial force in the columns and their geometrical properties, Fig. 10 can be used to assess the stiffness, axial load of columns, and ultimate strength.

•   The profile of the braces has to be chosen so that no buckling of any kind takes place.

•   The praise connections have to be designed for force transmission. Due to the increase in the ultimate lateral strength of the frame, the foundation of the structure might be in need of strengthening.

9  Conclusions

In this study, an RC moment-resisting frames equipped with TADAS yielding plates were numerically investigated. Using calibrated numerical models and 48 pushover analyses, the effects of the number of TADAS plates and column axial load on the seismic behavior the concrete frame were investigated. Some theoretical formula were also presented to estimate the effect of the number of TADAS plates on the lateral stiffness and ultimate lateral strength of the frame. Eventually, the conclusions are listed below:

•   The increasing rate of the effective stiffness of the frame with respect to the increase in the number of TADAS dampers is almost constant. A relationship describing the increase in the effective stiffness of the RC frame with respect to the increase in the number of the TADAS dampers was also presented.

•   A dimensionless plot was introduced based on the variation of the column axial force and ultimate strength of the frame to calculate the amount of the relative effective stiffness of the retrofitted RC frame (Fig. 10).

•   A formula was proposed to calculate, with appropriate accuracy, the increase in the ultimate strength of the equipped RC frame based on the number and thickness of the TADAS plates (Eq. (7)). This equation can be use for design purposes.

•   The structure would be a desirable state if the axial force in the columns does not exceed 0.2 Pcr. A larger force in the columns brings about a sudden decline in the dissipated energy and ductility of the frame.

•   The number of the TADAS plates has to be specified so that the ultimate strength of the retrofitted RC frame would three times bigger than the bare RC frame. In this case, it can be ensured that the ductility factor and energy dissipation would take on their maximum values.
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Table 3: Names of the models

Column axial load No. of TADAS plates Name
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Table 1: Failure parameters of the concrete

Dilation angel K Fyo/fco  Eccentricity  Viscosity parameter

34 0.667 1.16 0.1 0.001
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Table 2: The type and mesh dimensions of the FEM model

Piece type Element size (cm) Type of element
Rebar 5 B31

Concrete I3x3x3 C3D8R

Braces 2X2%x2 C3D8R

TADAS 0.6 0.6 0.6 C3D8R

Connection plate 4 x4 x4 C3D8R
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