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Abstract: In order to alleviate the problems regarding conventional damping modeling techniques in 

nonlinear structural simulations, using concentrated plasticity formulation including rotational end springs 

with no damping plus middle elastic parts with modified assigned damping has recently been proposed. 

However, a proper selection for springs’ stiffness is a source of contention. In this paper, the effect of 

choosing different ratios for springs’ rotational stiffness to the elastic part of the elements on the seismic 

performance of RC moment frames was investigated. Incremental Dynamic Analysis (IDA) was performed 

and the derived responses were used for seismic performance assessment methodology. The results 

demonstrate that using flexible springs may lead to a greatly conservative estimation of collapse capacity, 

annual losses, and repair costs compared to a rigid one. Due to lack of experimental data, it is not possible 

to certainly assert the most appropriate ratio. However, such variation in the seismic performance of a 

building model with different stiffness modification necessitates more investigation on this modeling 

strategy.    

Keywords: Concentrated plasticity, damping, rotational stiffness, seismic performance, collapse capacity, 
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1. Introduction: 

Basically, there are two approaches for modeling nonlinear behavior in structures: 1) distributed 

plasticity, in which nonlinearity is probable to occur over the entire length of element [1] [2], 2) 

concentrated plasticity, in which the element is divided into an elastic part in the middle and two end 

rotational springs with a potential to simulate inelastic behavior [3]. Generally, as it is not simple to model 

deterioration caused by reinforcement local buckling and nonlinear interaction of shear and flexural in 

distributed plasticity models, using concentrated plasticity formulation for some cases is more rational [4]. 

Finding an appropriate and reliable damping modeling method to be implemented in inelastic models 

has been a challenge for researchers in the last decades, due to its unknown characteristic. Numerous studies 

have been conducted to assess different repercussions of using conventional damping modeling techniques, 

which are typically Rayleigh damping based on mass, initial, or tangent stiffness matrix, and also proposed 

novel methods for considering damping in structures. Rayleigh damping is represented by the following 

equation where damping matrix is defined by the linear combination of mass and stiffness matrices [5]:   

                                                                  𝐶 = 𝑎0𝑀 + 𝑎1𝐾                                                                        (1) 

M and K are mass and stiffness matrices; α and β are proportionality terms respectively. 

Studies done by Hall [6], Charney [7], Erduran, [8], Petrini et.al [9], Chopra and McKenna [10] , 

Hardyniec and Charney [11], Mohammadgholibeyki and Banazadeh [12], Anajafi et al. [13] (with the focus 

on based-isolated structures) show that using Rayleigh damping based on initial stiffness of the structure 

leads to the unrealistic estimation of demand and strength of the structure. Then, various strategies and 

remedies for considering damping in nonlinear structural models were introduced and investigated. Hall [6] 

suggested that using tangent stiffness can provide convergence difficulty; therefore, a capped viscous 

damping formulation was proposed as a remedy for this problem. According to Charney [7], using 

displacement-based damping models (e.g., hysteretic or frictional damping) can simulate the energy 

dissipation more realistically compared to frequency-based models (e.g., viscous damping) however, using 

Rayleigh damping based on tangent stiffness was reported to be an appropriate approach for modeling 

damping. Chopra and McKenna [10] also proposed a new method for modeling damping named the 

superposition of modal damping matrices which tended to produce no spurious damping forces compared 

to other damping models. Luco and Lanzi [14] proposed a model for considering inherent damping in the 

inelastic time-history analyses which is based on the assumption that damping forces are proportional to 

the first derivative of the restoring forces with respect to the time. The proposed model was verified by the 

conventional damping modeling method –Rayleigh damping based on the tangent stiffness of the structure.  

Another way of damping consideration coupled with modeling nonlinearity through concentrated 

plasticity formulation, which is the main focus of this paper, has been proposed by Medina and Krawinkler 

[3]; then, its enhancement was presented by Zareian and Medina [15]. In this approach, an element is 

changed to two rotational end springs with no assigned damping and an elastic part in the middle to which 

the modified initial stiffness proportional damping is assigned which is observable in Fig. 1. Since the 

modified element can be considered to be in series, the equation (2) can be written: 

                                                      𝐾𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙= 
𝐾𝑠𝑝𝑟𝑖𝑛𝑔𝐾𝑒𝑙𝑎𝑠𝑡𝑖𝑐

𝐾𝑠𝑝𝑟𝑖𝑛𝑔+𝐾𝑒𝑙𝑎𝑠𝑡𝑖𝑐
                                                             (2) 

Koriginal is the stiffness of the original element, Kspring is the rotational end spring stiffness, and Kelastic is 

the elastic stiffness of the middle part of the modified element. 

The modified proportionality term is equal to: 

 

                                                                   𝛽′ = [(𝑛 + 1) 𝑛⁄ ]𝛽                                                                  (3) 
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where “n” is the ratio of rotational end springs stiffness to the stiffness of the elastic part of the element. 

This equation is derived from equivalence of the damping work done by springs plus the elastic part with 

the damping work done by the original element. Figure 1 demonstrates a schematic view of the typical 

element used in this methodology. 

 

 

 
Figure 1. Equivalent element with depiction of degrees of freedom [15] 

Medina and Krawinkler [3] suggested using n=10 (i.e. Kelastic=1.1Koriginal) in order to compensate for 

allocating no damping to rotational springs. On the other hand, Zareian and Medina [15] stated that using 

n=10 brings about difficulties in achieving convergence and the time step of the analysis should become 

very low; thereby, imposing numerical instabilities. Referring to Hall [16], using a  great value for the initial 

rotational stiffness of springs may result in the underestimation of the building’s response due to the large 

damping moments appeared as a result of relative velocity, occurring across the nodes. Yet, there is no 

consensus among researchers which ratio for the rotational spring stiffness to the stiffness of the elastic part 

of the element is appropriate to be used in this approach of modeling structural damping. 

The objective of this paper is to evaluate the sensitivity of nonlinear responses and seismic performance 

and risk metrics of frames to the rotational end spring stiffness changes. The metrics include annual 

probability of collapse, mean repair cost, and annual repair cost. Studies in the literature primarily focused 

on the effects of using conventional or other proposed viscous damping modeling methods on the dynamic 

responses of models. This study aims to put one step forward and investigate how the change in stiffness 

ratio can affect the seismic risk metrics of a model which are critical for decision-making. In this research, 

2, 4, and 8 story reinforced concrete (RC) moment frames were designed  according to ACI 318-19 [17] 

and modeled by the proposed approach by Zareian and Medina [15] considering “n” ratios equal to 1 to 10 

for each frame. By simulating the models in OPENSEES program [18], Incremental Dynamic Analysis 

(IDA) [19] was performed, collapse fragility curves were derived, and seismic performance assessment was 

conducted based on the methodology introduced in FEMA P-58 [20]. 4 and 8-story moment frames were 

also modeled with the distributed plasticity formulation (according to the flexibility method, i.e. force-

based element developed in OPENSEES) and conventional Rayleigh damping with tangent stiffness for 

comparison purposes.  

2. Modeling Assumptions: 

RC moment frames were simulated through OPENSEES program. Studies done by Haselton et.al [21] 

were used to define the moment curvature behavior of end springs. The first and third modes were 

considered for calculating frequencies required for determining the proportionality terms (i.e.  a0 and a1 in 

the equation (1) and β’ in the equation (3)). Modal damping ratio was assumed to be 0.05 for 2-story and 

4-story and 0.035 for the 8-story frames, respectively. The modified stiffness proportional damping was 

assigned only to the elastic part of the elements in accordance with the methodology proposed by Zareian 

and Medina [15]. In order to consider the effects of confinement in concrete sections, the research done by 

Mander et.al are considered in the modeling details [22]. Other assumptions are shown in Table 1. Table 2 

to Table 4 demonstrate the designed sections of frames.  

 
Table 1. Design and modeling assumptions 

Region Los Angeles - USA 

Occupancy Commercial 
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Story height 3 meters 

Each bay’s length 4 meters 

 

Table 2. 2-Story Frame Sections (mm) 

Story Number  column section – reinforcement (mm) beam section (longitude*latitude) – reinforcement (mm) 

2 250*250 - 8φ18 200*150 - 4φ16 

1 300*300 - 12φ18 250*200 - 4φ18 

 

3. Incremental Dynamic Analysis: 

Based on the literature [19], analytically, collapse state is defined as when the drift ratio reaches 10%, 

tangent (or instant slope) of the IDA curve gets 20% of the initial (elastic) slope, or as the occurrence of 

dynamic instability in the form of no convergence.  

Interstory drift ratio and peak floor acceleration (PFA) are the two considered Engineering Demand 

Parameters (EDPs), which are both essential in the seismic performance assessment and loss estimation. 

Moreover, Intensity Measure (IM) is taken as the first mode spectral acceleration (Sa(T1,5%)). Ground 

motion records introduced in FEMA P-695  [23]  (22 pairs of records) were used in the analyses.  

Figure 2 to Figure 4 depict median IDA curves for all three frames. The median IDA curves associated 

with the n ratios equal to 1 to 10 in addition to the curves for the force-based model with conventional 

damping for the 4 and 8-story frames are shown. 
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Table 3. 4-Story Frame Sections (mm) 

story number column section – reinforcement (mm) beam section (longitude*latitude) – reinforcement (mm) 

4 300*300 - 12φ18 350*300 - 8φ18 

3 300*300 - 12φ18 350*300 - 8φ18 

2 350*350 - 12φ18 400*350 - 8φ18 

1 450*450 - 12φ18 450*400 - 8φ18 

Table 4. 8-Story Frame Sections (mm) 

story number column section – reinforcement (mm) beam section (longitude*latitude) – reinforcement (mm) 

8 300*300 - 12φ18 300*250 - 6φ18 

7 300*300 - 12φ18 300*250 - 6φ18 

6 400*400 - 12φ18 350*300 - 8φ18 

5 400*400 - 12φ18 350*300 - 8φ18 

4 450*450 - 12φ18 450*400 - 8φ18 

3 450*450 - 12φ18 450*400 - 8φ18 

2 500*500 - 16φ18 500*450 - 8φ18 

1 500*500 - 16φ18 500*450 - 8φ18 
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(a) (b) 

Figure 2. Median IDA curves for the 2-story moment frame with (a) EDP equal  to interstory drift ratio and (b) 

EDP equal to the peak floor acceleration 

  
(a) (b) 

Figure 3. Median IDA curves for the 4-story moment frame with (a) EDP equal to interstory drift ratio and (b) 

EDP equal to the peak floor acceleration 

  
(a) (b) 

Figure 4. Median IDA curves for the 8-story moment frame with (a) EDP equal  to interstory drift ratio and (b) 

EDP equal to the peak floor acceleration 

 

As it is evident in Figure 2 to Figure 4, there is a considerable difference among the responses with 

various n ratios. Noticeably, the more rigid rotational springs are used (i.e. the higher the n ratio), the lower 

is the estimation of demand parameters. However, in Figure 4, for the 8-story moment frame, there is not a 

consistent trend for n=1 to n=10. This may be due to the effects of the higher modes in modeling damping 

which is neglected by merely considering modes number 1 and 3. In spite of the inconsistency, in Figure 4, 

the curve corresponding to the model with n=1 is the lowest curve, overestimating the demand parameters 

in a specific intensity level compared to other curves. Comparing the fiber models (i.e. force-based with 

Rayleigh damping based on tangent stiffness) with concentrated plasticity models shows that the 
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implementation of semi-rigid and rigid end rotational springs may result in approximately the same 

evaluation of the demand parameters as force-based models. Using a flexible spring, (i.e., implementing 

n=1) may result in a highly conservative estimation of the drift and PFA compared to the other types of 

springs. It is worth noting that because of the scarcity of experimental data for selecting the accurate 

damping model and as there is still a contention among researchers about the use of tangent stiffness in 

Rayleigh damping models, the comparison of such models with the Rayleigh damping model based on 

tangent stiffness may not be an exact verification. However, it can provide an acceptable sense to see the 

effects of changing the end rotational stiffness on the structural responses; The structural responses from 

the analysis of concentrated plasticity models with different n ratios can be compared with the responses 

derived from the damping models which are widely used for nonlinear simulation nowadays. The 

considerable difference in derived responses and the uncertainty of determining the accurate n ratio due to 

the lack of reliable experimental data, necessitate the investigation on the assessed strategy of modeling 

damping more profoundly. 

4. Collapse Assessment: 

Collapse assessment of RC frames was performed from two aspects: median collapse capacities were 

calculated, derived from collapse fragility curves; and annual probabilities of collapse were evaluated based 

on FEMA P-58 methodology.. 

 

4.1 Collapse Fragility Curves and Median Collapse Capacity: 

 

In Figure 5, collapse fragility curves are illustrated, which show the probability of collapse 

corresponding to each level of intensity for each RC moment frame. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Collapse Fragility Curves for (a) 2-Story, (b) 4-Story, and (c) 8-Story moment frames 

 

                           (a)                                                                  (b)                                                                 (c) 

0

1

0 7

P
ro

b
ab

il
it

y
 o

f 
co

ll
ap

se

Sa (g)

n=1 n=2 n=3 n=4

n=5 n=6 n=7 n=8

n=9 n=10

0

1

0 7

P
ro

b
ab

il
it

y
 o

f 
C

o
ll

ap
se

Sa (g)

n=1 n=2
n=3 n=4
n=5 n=6
n=7 n=8
n=9 n=10
Force-based-KT

0

1

0 7

P
ro

b
ab

il
it

y
 o

f 
co

ll
p

as
e

Sa (g)

n=1 n=2
n=3 n=4
n=5 n=6
n=7 n=8
n=9 n=10
Force-based-KT

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 July 2021                   doi:10.20944/preprints202107.0233.v1

https://doi.org/10.20944/preprints202107.0233.v1


According to Figure 5, there is a great difference among models with various n ratios in determining the 

collapse capacity of the building. For 2 and 4-story moment frames, using a flexible spring (n=1) results in 

a higher probability of collapse in a specific intensity level. On the other hand, the implementation of a 

rigid spring (n=10) provides a low estimation of such value. Similar to the median IDA curves, although 

the same trend is not observable for the 8-story frame, still the highest and the lowest collapse fragility 

curves belong to the models with flexible and rigid springs, respectively. 

From another aspect, in the 4 and 8 story frames, the fragility curves regarding the conventional damping 

model provide a lower estimation of the probability of collapse than the concentrated plasticity models in 

a specific intensity level, which implies that the damping model proposed by Zareian and Medina, which 

is investigated in this paper, is probable to overestimate the probability of collapse; or in other words, it can 

have a highly conservative estimate of the collapse capacity of the building provided that the conventional 

damping model based on the tangent stiffness of the structure is assumed to be the most accurate model. 

Accuracy among the available damping models can be defined as the close-to-reality evaluation of damping 

forces among all introduced remedies for considering damping forces in inelastic models. As it is mentioned 

earlier, there is no consensus among researchers that which damping model can estimate the damping forces 

accurately. No technique rather than the real shaking table tests can provide a definite verification for all 

proposed damping models. 

In order to quantify the comparison of collapse capacities among all models developed in this study, the 

intensity level corresponding to the probability of collapse equal to 0.5 was taken from all curves named 

“median collapse capacity” (MCC). Table 5 indicates the MCCs for all considered models. Moreover, the 

bar chart in Figure 6 indicates a more straightforward comparison of MCCs. 

Table 5. Median collapse capacities (g) 

 Models 2 Story Frame 4 Story Frame 8 Story Frame 

n=1 1.531 2.296 1.773 

n=2 1.721 2.570 2.020 

n=3 1.920 2.676 2.120 

n=4 2.006 2.678 2.296 

n=5 2.120 2.780 2.338 

n=6 2.158 2.872 2.306 

n=7 2.238 2.888 2.410 

n=8 2.216 3.094 2.441 

n=9 2.231 3.139 2.341 

n=10 2.278 3.244 2.408 

Conventional damping model 3.630 2.766 

 

 

Figure 6. Median collapse capacities for all models 

 

According to Table 5, MCC for the models with rigid springs (n=10) is the closest ones to the MCC 

related to the conventional damping model. Nevertheless, for the 4 story frame, the MCC of the model with 
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derived collapse capacities cannot be negligible. Moreover, for the 8-story frame, the same difference is 

about 36% between the model with n=1 and conventional damping model.  

Figure 6 also shows that the more rigid the spring, the higher the evaluation of the MCC. There is not 

exactly the same pattern for MCCs of the 8-story frame as well as the median IDA and collapse fragility 

curves; however, the lowest estimation of the MCC is associated with the model with n ratio equal to 1. 

Dispersion indicators of the MCCs for merely the concentrated plasticity models are presented in Table 6. 

 Table 6. Dispersion indicators of MCCS for models with n=1 to n=10 

 Story Range (%) Median (g) Average (g) Variance Standard deviation 

2  32.79 2.12 2.042 0.056 0.237 

4  29.23 2.78 2.824 0.074 0.273 

8  26.37 2.338 2.245 0.041 0.201 

 

4.2 Annual Probability of Collapse: 

The integration of hazard curves with collapse fragility curves with the aid of a parameter named “mean 

annual frequency of collapse” (λc), leads to obtaining annual probability of collapse which can be 

considered as another indicator of collapse risk of structures [24]. Figure 7 indicates hazard curves of 2, 4, 

and 8 story frames derived from USGS database [25], considering the structural period of the designed 

frames and the soil characteristics of Los Angeles, CA [25]. 

 

In order to calculate seismic performance parameters, RC moment frames were modeled in the 

Performance Assessment Calculation Tool (PACT) introduced in FEMA P85 [26]. Building 

componentswere defined for all models similarly. Table 7 represents annual probabilities of collapse for all 

models. In order to have a visual comparison of this parameter, a bar chart is presented in Figure 8. 
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Figure 7. Hazard Curves for (a) 2-story, (b) 4-story, and (c) 8-story moment frames 
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The remarkable sensitivity of the “annual probability of collapse” parameter to the change of the end 

rotational springs’ stiffness can be seen in Figure 8. There is a considerable difference between the annual 

probability of collapse regarding the model with flexible springs (n=1) and models with rigid and semi-

rigid springs. According to Table 7, the annual probability of collapse for the model with n=1 is 

approximately 3.52, 3.13, and 3.34 times more than the model with n=10 for 2, 4, and 8 story frames, 

respectively. This means that using a flexible spring brings about a highly conservative estimation of this 

parameter. Although it is not possible to definitely state that which model is the most accurate one due to 

the lack of experiments on damping models, observing such differences in both collapse parameters 

(median collapse capacity and annual probability of collapse) is significant to be considered. Another point 

to mention is that the annual probability of collapse for the conventional damping model is evaluated to be 

roughly the half of the same quantity for the concentrated plasticity models with rigid springs (n=10), which 

itself has the lowest amount among the concentrated plasticity models. It can be concluded that this damping 

model provides a highly conservative estimation of the annual probability of collapse if the conventional 

damping model is assumed to be an acceptable damping model; otherwise, this damping modeling method 

(proposed by Zareian and Medina [15]) requires more investigation or verification with the experimental 

data. 

 

5. Loss Estimation: 

 
Evaluating building losses, such as casualties or repair costs, is a helpful asset for decision makers. To 

this end, it is required to determine building components and their fragility and consequence functions 

which are derived from experiments or numerical research. In this paper, mean repair cost and expected 

Table 7. Annual Probability of Collapse for all models 

Story number 2 4 8 

n=1 0.001157765 0.00032129 0.00013523 

n=2 0.000820373 0.000199824 0.000079685 

n=3 0.000584824 0.000213201 0.000067595 

n=4 0.000497623 0.000208073 0.000045216 

n=5 0.000428894 0.000203383 0.000040876 

    

n=6 0.000390267 0.000157589 0.000045696 

n=7 0.000336061 0.000157123 0.000039114 

n=8 0.000348758 0.000121616 0.000036599 

n=9 0.000352995 0.000111892 0.000044051 

n=10 0.000329127 0.000102646 0.000040476 

Conventional damping model 0.000056025 0.000017926 
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Figure 8. Annual probability of collapse for the 2, 4, and 8 story frames 
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annual repair cost are the two metrics considered for the loss estimation of concentrated plasticity modeled 

frames. 

 

5.1 Mean repair Cost: 

 

Considering the total building’s collapse fragility curve and each component’s fragility function, by the 

integration of the repair costs associated with each component, the building’s mean repair cost can be 

calculated through calculating the average of repair costs from a set of Monte Carlo realizations. When 

collapse occurs for a specific component, based on the building’s response to the seismic load and its 

fragility curve, its repair cost would be equivalent to its predefined replacement cost [20], which is assumed 

to be the same for all three buildings only for the matter of convenient comparison. A total number of 5000 

Monte Carlo realizations was considered for all the models in this study.  

Figure 9 depicts mean repair costs normalized by total building’s replacement cost with respect to each 

intensity level for 2, 4, and 8 story frames respectively. The difference among models is observable in terms 

of this parameter as well as previous ones. 
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Figure 9. Mean repair cost normalized by total replacement cost for (a) 2-story, (b) 4-story, and (c) 8-

story moment frames 
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According to Figure 9, the highest value of the mean repair cost is associated with the model with the 

flexible end rotational spring and the lowest one is related to the model with rigid springs (n=10) for all 

three RC moment frames. The difference between the highest and lowest mean repair cost in the intensity 

level equal to 2.65g is about 24.2%, 32.7%, and 19.8% for 2, 4, and 8-story moment frames, respectively, 

which is a considerable difference. It shows that the implementation of flexible springs results in a greatly 

conservative estimation for this performance parameter compared to other types of spring. It can be 

concluded that the analyst willing to model the structure via concentrated plasticity formulation with the 

damping strategy studied in this paper, should be aware of the considerable impact of end springs’ stiffness 

selection on the probable repair cost of the building due to the ground motion. Consequently, the necessity 

of conducting more profound assessment on such model should be raised. In addition, the comparison of 

the mean repair costs presented in Figure 9.b and Figure 9.c  indicates that the conventional damping model 

based on the tangent stiffness provides much less estimation of such parameter than the concentrated 

plasticity models; in the 4-story frame, the mean repair cost of the conventional damping model is roughly 

42% less than the model with n=1 and 10% less than the model with n=10. Similarly, for the 8-story frame, 

the mean repair costs of the model with n=1 and n=10 are about 32% and 12% greater than the conventional 

damping model, respectively.  

5.2 Expected Annual Loss: 

Expected Annual Loss (EAL) can be considered as a consequential parameter for stakeholders. EAL 

can be calculated by integrating building repair costs normalized by replacement costs over passible hazard 

frequencies, [27], which can be ordinarily defined as the amount of money required annually to repair 

probable damages caused by the earthquake. 

Table 8 comprises expected annual financial loss for all models. As well as the annual probability of 

collapse, this parameter is illustrated by a bar chart in Fig. 12 in order to simplify visual comparison of all 

models.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8. Expected Annual Loss (EAL) ($) 

Story Number 2 4 8 

n=1 90456 43947 34433 

n=2 71715 34454 26558 

n=3 61821 30249 22877 
n=4 56677 27979 20378 

n=5 52643 26430 18905 

n=6 49957 24484 17934 

n=7 47626 23882 17632 

n=8 46791 22493 17007 

n=9 46136 21976 16653 
n=10 45260 21483 16364 
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Figure 10. Expected annual loss for the 2, 4, and 8 story frames 
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Approximately the same trend as the annual probability of collapse is apparent for this parameter. As 

shown in Figure 10, a great difference between the models with rigid and flexible springs in terms of EAL 

can be observed for all 2, 4, and 8-story frames. This difference is considerable to the extent that the EAL 

of the model with n=1 is approximately 2 times greater than the model with n=10 for all three frames. By 

comparing such differences to the same difference for annual probability of collapse in section 4.2 which 

was 3.52, 3.13, and 3.34 for 2, 4, and 8-story frames respectively, it can be concluded that the “expected 

annual loss” is a little less sensitive to changing stiffness of end rotational springs in concentrated plasticity 

modeling method than “annual probability of collapse” parameter. Nevertheless, the dispersion of EALs 

for each frame is still substantial. For instance, if the analyst chooses to implement a flexible spring in the 

model, the expected annual loss, is going to be $43947 for a 4 story frame which is 2 times greater than the 

model in which rigid end springs are used. This may encourage the researchers to reconsider this model in 

terms of choosing an appropriate n ratio and may spur them to investigate on this damping modeling 

technique more in depth. 

Conclusion: 

In this paper, the previously proposed concentrated plasticity modeling technique for considering 

viscous damping in structures was evaluated. The effect of changing a specific and critical parameter, which 

is the ratio of the stiffness of the end rotational springs to the elastic part of the modified element (or n 

ratio), on the seismic responses via IDA analysis was investigated in terms of interstory drift ratio and peak 

floor acceleration. The sensitivity analysis in terms of modifying the “n” ratio was performed on the seismic 

performance parameters critical for decision-making including the annual probability of collapse, mean 

repair cost, and expected annual loss. Collapse assessment was performed considering median collapse 

capacity and annual probability of collapse. Three RC moment frames with various heights (2, 4, and 8 

story frames) and with ten types of end rotational springs, comprising rigid (n=10) to flexible (n=1), were 

selected. In order to compare the results to the conventional damping model which is the Rayleigh damping 

based on mass and tangent stiffness matrix, the 4 and 8-story moment frames were also modeled considering 

such damping modeling strategy. In these 2 models, the elements were simulated based on the flexibility 

method, using the “force-based element” available in OPENSEES, which has the potential to have nonlinear 

behavior in each section of the element according to the stress-strain relationship assigned to each fiber 

section. Then, the responses and performance parameters of all models were compared. 

There has been a debate on finding the appropriate n ratio for this damping modeling approach in the 

literature. However, according to the research done in this paper, although it is not feasible to firmly state 

which model provides the closest response to the real response of the structure due to the lack of 

experimental data, it is clear that using flexible rotational end springs provides a highly conservative 

estimation of collapse capacity and building loss in comparison with other types of springs. The remarkable 

differences between results in terms of the parameters assessed in this research for various n ratios make 

this model considerably sensitive to the selection of the appropriate n ratio. Moreover, by comparing the 

responses derived from the conventional damping model with the model under investigation in this paper, 

it can be seen that the implementation of a rigid and semi-rigid spring (e.g. n=10) provides more similar 

results to the conventional damping model. However, it is important to note that there is still a contention 

on the accuracy of using tangent stiffness in the Rayleigh damping model in the literature. Only if  the 

conventional damping model used in this research is assumed to be the most acceptable model among all 

introduced remedies, it can be asserted that using a rigid or semi-rigid springs provides more accurate 

results. Consequently, a more profound research is required to firstly define the appropriate damping model, 

and secondly determine the most exact n ratio which can accurately simulate buildings’ behavior. This may 

be probable by comparing results derived from experiments with numerical results in future.  
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