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Abstract. This paper evaluates the potential of self-centering moment-resisting frames (SC-
MRFs) with viscous dampers to reduce the economic losses in steel buildings due to strong 
earthquakes. The evaluation is based on the comparison of different designs of a prototype 
steel building using as lateral-load resisting system: 1) conventional steel moment resisting 
frames (MRFs); 2) MRFs with viscous dampers; 3) SC-MRFs; and 4) SC-MRFs with viscous 
dampers. The economic losses of these four design cases are estimated by developing 
vulnerability functions according to the ATC-58 methodology. The influence of residual 
storey drifts on economic losses is examined, by accounting for the possibility of having to 
demolish a building as a result of excessive residual storey drifts. Results highlight the 
importance of considering residual story drifts as a demand parameter to economic loss 
estimation; and show that the use of viscous dampers significantly improves the building’s 
performance for both SC-MRF and MRF, resulting in lower repair cost.  

1 INTRODUCTION 

The February 2011 Christchurch earthquake confirmed that conventional seismic-resistant 

structures, such as steel moment-resisting frames (MRFs), experience difficult-to-repair 

damage due to inelastic deformations in main structural members, residual story drifts, and 

appreciable peak story drifts. After that earthquake, a significant percentage of the buildings 

in the central business area were declared unusable [1] with the reconstruction cost to be 

estimated approximately equal to 40 billion New Zealand dollars without considering the 

economic losses due to disruption of building use or occupation [2]. These loses highlight the 

need to use in practice more resilient structures that are less vulnerable and easier to repair 

after strong earthquakes with the goal of reducing, if not avoiding, economic seismic losses.  

Steel self-centering moment-resisting frames (SC-MRFs) with post-tensioned (PT) beam-

column connections are a class of resilient seismic-resistant structures that eliminate beam 

inelastic deformations and residual drifts. PT connections use yielding-based [3-9] or friction-

based [10-13] energy dissipation devices, which are activated when gaps open and can be 

easily replaced if damaged. However, existing design procedures [14, 15] aim to achieve peak 

drifts similar to those of conventional steel MRFs, and so, accept appreciable damage in drift-

sensitive non-structural elements. 

Steel MRFs with passive dampers is another class of resilient structures that can reduce 

peak storey drifts, and indirectly, inelastic deformations in structural members. Previous 
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analytical and experimental research showed that it is generally not feasible to design steel 

MRFs with elastomeric dampers at a practical size to eliminate inelastic deformations in main 

structural members under the design basis earthquake (DBE) [16, 17]. To address this issue, a 

design strategy for steel MRFs, which isolates damage in removable steel energy dissipation 

devices and uses in parallel viscous dampers to reduce peak storey drifts, has been proposed 

in [18]. A study shows that supplemental viscous damping does not always ensure adequate 

reduction of residual drifts of yielding structures [19]. A recent work evaluates the seismic 

collapse resistance of steel MRFs with viscous dampers and shows that supplemental viscous 

damping does not always guarantee a better seismic collapse resistance when the strength of 

the steel MRF with dampers is equal or lower than 75% the strength of a conventional steel 

MRF [20]. 

The use of viscous dampers in parallel to self-centering precast concrete base rocking walls 

has been proposed as an effective way to control peak storey drifts and residual drifts [21]. 

The parallel combination of hysteretic and viscous energy dissipation along with a friction 

slip mechanism in series connected to the viscous energy dissipation mechanism was found to 

achieve high levels of seismic performance for self-centering systems [22]. A recent study 

[23] on seismic design and assessment of steel SC-MRFs with viscous dampers within the 

framework of Eurocode 8 (EC8) [24], shows that providing supplemental viscous damping to 

steel SC-MRFs is a very effective way to reduce structural and non-structural damage by 

simultaneously controlling beam plastic deformations, peak storey drifts, and residual story 

drifts. 

Economic seismic loss can be rigorously estimated using procedures that quantify and 

propagate uncertainties such as the early one developed by Porter et al. [25] that uses 

nonlinear dynamic analyses at different seismic intensities, predicts damage at the component 

level using fragility functions, and finally estimates the building repair cost. This method was 

further developed to become the PEER (Pacific Earthquake Engineering Research) 

methodology [26] that is now known as the 2
nd

 generation performance based earthquake 

engineering (PBEE-2). Early studies on PBEE-2 showed that component damageability and 

ground motion time histories have strong influence on loss uncertainty, while material 

properties and other uncertainties in the structural model may have relatively little influence 

[27, 28]. A critical review of PBEE-2 and examination of its limitations has been conducted 

by Gunay and Mosalam [29]. At present, the state-of-art in economic seismic loss estimation 

is described by the ATC-58 methodology [30] that adopts PBEE-2 along with a database of 

structural and non-structural component fragility functions and repair cost estimates. The 

aforementioned loss estimation methodologies estimate economic losses based on peak 

response quantities such as peak storey drift or peak floor accelerations (PFA), without 

consider the influence of residual storey drifts on economic losses. 

Ramirez and Miranda [31] showed how the probability of having to demolish a building as 

the result of excessive residual storey drifts influences seismic loss estimation. They assumed 

a lognormal distribution for the probability of demolition conditioned on the residual storey 

drift, with a median of 0.015 and a logarithmic standard deviation of 0.3. Because there is 

limited data to accurately determine the parameters of this distribution, sensitivity analysis 

was conducted and showed that loss estimation is more sensitive to the median than the 

dispersion of the probability of demolition. Jayaram et al. [32] also considered the probability 

of having to demolish a building as the result of excessive residual storey drifts, to develop 

vulnerability functions for six tall buildings. 

To the authors knowledge the potential of SC-MRFs and SC-MRFs with viscous dampers 

to reduce economic seismic losses by simultaneously controlling structural and non-structural 

damage has not been quantified yet. Such quantification is of particular interest to justify the 

increased cost and design complexity associated with combining and applying in practice the 
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post-tensioning and passive energy dissipation technologies. Moreover, the effect of the 

assumed residual storey drift limit value beyond which it is generally less expensive to rebuild 

a structure than to repair it, should be quantitatively evaluated. For instance, McMormck et al. 

[33] after extensive review of previous research in Japan concluded that 0.005 rad is an 

important engineering index in terms of permissible residual storey drift levels, based on 

functionality, construction tolerances, and safety. Nevertheless, the selection of permissible 

residual storey drift level depends on engineering judgement. The probability of collapse in 

the total economic loss should also be quantified, in comparison to conventional MRFs and 

MRFs with viscous dampers.  

This paper evaluates the potential of SC-MRFs with viscous dampers to reduce the 

economic losses in steel buildings due to strong earthquakes. SC-MRFs are using the recently 

developed PT connection with web hourglass shape pins (WHPs) [7, 8]. The evaluation is 

based on the comparison of different designs of a prototype steel building using as lateral-load 

resisting system: 1) conventional steel moment resisting frames (MRFs); 2) MRFs with 

viscous dampers; 3) SC-MRFs; and 4) SC-MRFs with viscous dampers. The economic losses 

of these four design cases are estimated by developing vulnerability functions according to the 

ATC-58 methodology [30], which considers all repair costs associated with restoring the 

building to its original condition. The probability of demolition is also conditioned, by 

assuming different permissible residual storey drift levels. The results show the superior 

minimal damage performance of SC-MRFs with and without dampers compared to the 

corresponding conventional MRFs, resulting in lower repair cost; their superior collapse 

resistance; and the influence of permissible residual storey drifts on the economic losses of 

the current design cases. 

2 SC-MRFs USING PT CONNECTIONS WITH WHPs 

Figure 1(a) shows a SC-MRF using PT connections with WHPs and figure 1(b) show an 

exterior PT connection with WHPs. The PT connection with WHPs has been experimentally 

and numerically evaluated by Vasdravellis et al. [7, 8]. Two high strength steel bars located at 

the mid depth of the beam, one at each side of the beam web, pass through holes drilled on the 

column flanges. The bars are post-tensioned and anchored to the exterior columns. WHPs are 

inserted in aligned holes on the beam web and on supporting plates welded to the column 

flanges. Energy is dissipated through inelastic bending of the WHPs that have an optimized 

hourglass shape (figure 1(c)) with enhanced fracture capacity [34]. The beam web and flanges 

are reinforced with steel plates. The panel zone is strengthened with doubler and continuity 

plates. A fin plate welded on the column flange and bolted on the beam web is used for easy 

erection and resistance against gravity loads before post-tensioning. Slotted holes on the beam 

web ensure negligible influence of the fin plate on the PT connection hysteretic behaviour. 

A discontinuous steel-concrete composite slab (details shown in figure 2) is used to avoid 

damage in the slab as the gaps in the PT connections open and close (see figure 3(b)), i.e. 

similar to the solutions proposed in [6, 15, 23]. Shear studs for composite action are welded 

only on the secondary beams. The slab discontinuity is achieved by using two angle sections 

sliding on the beam framing perpendicularly to the SC-MRF columns. The secondary beams 

and the slab are placed after post-tensioning. The slab diaphragm eliminates beam shortening, 

and so, the internal axial forces in the beams remain constant and equal to those due to initial 

post-tensioning of the PT bars. Any further increase in the PT bars forces due to elongation 

under gap opening is transferred to the beam-column interfaces by the slab diaphragm. 

The connection behaviour is characterized by gap opening and closing in the beam-column 

interface as a result of the re-centering force in the PT bars. Figure 3(a) shows the free body 

diagram of an external PT connection where d1u and d1l are the distances of the upper and 
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lower WHPs from the center of rotation that is assumed to be at the inner edge of the beam 

flange reinforcing plates; d2 is the distance of the PT bars from the center of rotation; T is the 

total force in both PT bars; FWHP,u and FWHP,l are the forces in the upper and lower WHPs; CF 

is the compressive force in the beam-column interface; VC1u and VC1l are the shear forces in 

the upper and lower column, M is the PT connection moment, V is the beam shear force; and 

N is the horizontal clamping force that is transferred to the beam-column interface through the 

slab diaphragm and the beam. Figure 3(b) shows the SC-MRF expansion due to rotations θ in 

the PT connections. 
 

 

 

  

Figure 1: (a) SC-MRF; (b) exterior PT connection with WHPs; and (c) WHP geometry and assumed 

static system. 
 

  
Figure 2: Discontinuous steel-concrete composite slab details. 

 
Figure 3(c) shows the theoretical cyclic moment-rotation (M-θ) behaviour of the PT 

connection with WHPs, which has been verified by the large-scale experiments conducted by 

Vasdravellis et al. [7]. After decompression of the PT connection (Point 1 in Figure 3(c)), gap 

opens and the behaviour becomes nonlinear elastic with rotational stiffness S1. At point 2, the 

upper WHPs yield and M continues to increase with slope S2. At point 3, the lower WHPs 

yield and M continues to increase with slope S3. When loading is reversed, the connection 

begins to unload until the gap closes. Equations to calculate S1 to S3 and θ1 to θ3 are provided 

in [23]. 
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Figure 3: (a) Free body diagram of an external PT connection; and (b) SC-MRF expansion and 

horizontal forces equilibrium; (c) theoretical cyclic behaviour of the PT connections with WHPs. 

3 ECONOMIC SEISMIC LOSS ESTIMATION 

3.1 Economic seismic loss estimation framework 

The seismic loss of a building is split into three distinct types according to ATC-58 [30]: 

(a) structural loss due to damage in load-carrying structural members; (b) non-structural loss 

due to damage in non-load carrying components such as partitions, piping systems, etc.; and 

(c) building contents loss. Such types of seismic loss are assessed using component fragility 

functions (e.g. cumulative lognormal distribution functions) parameterized on engineering 

demand parameters (EDPs) such as the peak storey drift (θs,max) or the PFA. For a specific 

value of the chosen seismic intensity measure (IM), each component has a certain probability 

of being in any damage state (DS), which is then associated with a probabilistic cost function. 

Such function defines the cumulative distribution of the repair cost of the component for the 

given DS. Summing up all component costs over the entire building yields the total economic 

seismic loss. Following the guidelines of ATC-58 [30], the spectral acceleration at the 

fundamental period of vibration, Sa(T1), is chosen as IM. 

3.2 Probability of collapse and probability of demolition 

The probability of collapse can be explicitly incorporated in the economic seismic loss 

estimation framework following the methodology in [28], i.e. collapse is assumed to cause 

instant loss of the entire building and its contents. The probability of demolition is also 

incorporated following [31], i.e. by recognizing that the building will be demolished when a 

critical value of the residual storey drift (θs,res) is exceeded. The probability of having to 

demolish the structure conditioned on θs,res, P(D|θs,res), is assumed to follow a lognormal 

distribution with a logarithmic standard deviation of 0.3 according to [31] and a median value 

that was assumed equal to 0.50% [33], 1.00% and 1.88% [32] to allow a parametric study to 

be conducted.  
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3.3 Vulnerability functions 

Vulnerability functions are developed using the simulation procedure described in the 

PEER loss analysis framework [26, 35]. In the PEER framework, the mean annual frequency 

(MAF) of a decision variable (DV), such as the repair cost or the loss ratio (i.e. repair cost 

over the building replacement cost), is estimated as  
 

  (1) 

 
where λDV(DV≥dv) is the MAF of exceeding dv (e.g. value of repair cost or loss ratio) for the 

given site and building; G(dv|DS) is the probability of exceedance of dv given a DS (i.e. 

damage state associated with a specific repair action); G(DS|EDP) is the probability of 

exceedance of DS given an EDP; G(EDP|IM) is the probability of exceedance of EDP given 

an IM; and λ(IM) is the MAF of exceedance of the IM. 

In this work, only a part of Equation (1) is used to assess the performance of a building in 

an objective manner that does not depend on the site, i.e. using only the integrals of G(dv|DS) 

over EDP and DS without the final convolution with λ(IM). The result is known as the 

vulnerability function:  
 

  (2) 

 
Equation (2) computes DV as a function of IM and it is characteristic of the building and 

independent of the site (provided that a sufficient IM is used). With loss being an inherently 

probabilistic quantity, it is more accurate to discuss vulnerability functions for certain 

statistics of the loss in the structure. 16%, 50% and 84% are typically chosen fractile values of 

vulnerability given the IM level. Monte Carlo Simulation (MCS) is used to evaluate the 

integrals shown in Equation (2). The MCS approach involves several steps and simulates all 

the random variables in Equation (2) (i.e. DV, EDP, DS, IM) to finally compute DV for a 

wide range of IMs. The steps involved in the MCS approach are presented in detail in [32]. 

4 PROTOTYPE BUILDING AND DESIGN OF SEISMIC-RESISTANT FRAMES 

Figure 4(a) shows the plan view of a 5-storey, 5-bay by 3-bay prototype building having 

two identical perimeter seismic-resistant frames in the 'x' plan direction. These frames are 

designed as conventional MRFs, MRFs with viscous damper, SC-MRFs and SC-MRFs with 

viscous dampers, based on existing design procedures [23, 24]. All the buildings are designed 

to have the same cross sections. In such a way buildings with different type of lateral-load 

resisting system will have the same fundamental period, but different structural performance 

under strong ground motions. Viscous dampers are installed in the interior gravity frames 

(with pinned beam-column and pinned column base connections) that are coupled with the 

perimeter seismic-resistant frames through the floor diaphragm as shown in figure 4(b). For 

all design cases θs,max is less than 0.75% under the frequently occurred earthquake (FOE) 

according to EC8 [24]. The DBE is expressed by the Type 1 elastic response spectrum of EC8 

with peak ground acceleration equal to 0.35g and ground type B. The FOE has intensity of 

40% (reduction factor v=0.4 in EC8) the intensity of the DBE. The maximum considered 

earthquake (MCE) has intensity of 150% the intensity of the DBE. The model used for the 

design is based on the centerline dimensions of the seismic-resistant frame without accounting 

for the finite panel zone dimensions. A 'lean-on' column is included in the model to account 

for the P-Δ effects of the vertical loads acting on the gravity columns in the tributary plan area 

(half of the total plan area) assigned to the seismic-resistant frame. A rigid diaphragm 

( )
( ) ( ) ( ) ( )DV

IM DS EDP

d IM
DV dv G dv DS dG DS EDP dG EDP IM dIM

dIM


     

( ) ( ) ( ) ( )
DS EDP

G DV IM G dv DS dG DS EDP dG EDP IM  
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constraint is imposed at the nodes of each floor level for the design. The steel yield strength is 

equal to 355 MPa for the columns, 275 MPa for beams, 930 MPa for PT bars, 235 MPa for 

the WHPs and 275 MPa for the beam reinforcing plates. Nonlinear viscous dampers are 

designed with a horizontal configuration (as shown in figure 4(b)) and a velocity exponent 

equal to 0.5 to achieve a total damping ratio equal to 20% at the first fundamental period, 

which is equal to T1=1.27 s. The estimated θs,max under the DBE is equal to 1.20% and 1.80%  

for the frames with and without dampers, respectively. Design data of the frames are given in 

table 1.  

    To evaluate the performance of the prototype building of figure 4 in terms of repair and 

replacement cost, it is assumed that the building includes the structural components, non-

structural components and contents listed in table 2. Table 2 lists the component, the 

associated ATC-58 [30] identification (ID), the component units that the building includes per 

storey, and the associated EDP used to assess the component DS. 

 
                (a)                                                                          (b) 

 

Figure 4: (a) Plan view of the prototype building; (b) Elevation view of the prototype 

building. 
 

Table 1: Design data of the steel MRF, SC-MRF and viscous dampers 

 Cross sectios PT 

force 

PT bar 

diameter 

WHPs with 

 Lwhp = 70mm 

Reinf. plate 

length 

Reinf. plate 

thickness 

Viscous dampers 

Storey Beam Column T0 (kN) dPT (mm) De (mm) Di (mm) Lrp (mm) trp (mm) c (kN∙(s./m)0.5) 

1 IPE550 HEB650 1087 50 43 33 1392 35 2139 
2 IPE600 HEB650 1256 60 46 36 1660 46 1641 

3 IPE550 HEB650 1087 48 43 33 1416 35 1416 

4 IPE500 HEB600 941 38 41 30 1092 26 1102 
5 IPE500 HEB600 941 36 39 28 743 22 810 

 
The fragility and cost functions of the PT connections are not provided by ATC-58 [30]. 

On the basis of limited information, market research and engineering judgement are used to 

determine these functions. It is assumed that DSs in the PT connections are associated with 

the replacement of WHPs under the DBE and the plastic hinge rotation, θp, at the end of the 

reinforcing beam flange plate. θp is associated to θs,max on the basis of pushover analysis. PT 

bar yielding is not considered as a DS, because it is not critical failure mode in the current 

design cases (see Section 6.1). For the definition of fragility functions, equations presented in 

Chapter 3 of ATC-58 [30] are used. The cost functions related to the θp at the end of the 

reinforcing beam flange plate were determined based on the mean and dispersion values of 

the corresponding conventional moment resisting connections. The labour and material cost 

of the WHPs has been used for the definition of the DS associated with WHP replacement. 

The contents cost functions have been developed based on USA market prices. 
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5 MODELS FOR NONLINEAR ANALYSES 

Models for the SC-MRFs are developed in OpenSees [36] as shown in figure 5. The 

columns and the reinforced lengths of the beams are modelled as nonlinear force-based beam-

column fiber elements. Fibers have bilinear elastoplastic stress-strain behaviour (Steel01 in 

OpenSees) with post-yield stiffness ratio of 0.003. The assumption of stable hysteresis for the 

columns is fully justified as heavy columns with webs and flanges of low slenderness do not 

show cyclic deterioration even under large drifts [37]. 
 

Table 2: Prototype building components per storey 
MRF 

components 

ATC-

58 (ID) 

SC-MRF 

components 

u

nits 

E

DP 

Steel column base plate 

B103

1.011b -//- 8 

θ

s,max 

Post-Northridge welded steel moment 

connection, 

beam one side 

B103

5.021 / None 

PT connection, 

beam one side 4 

θ

s,max 

Post-Northridge welded steel moment 

connection, 

beams both sides 

B103

5.031 / None 

PT connection, 

beams both sides 4 

θ

s,max 

Bolted shear tab gravity connections 

B103

1.001 -//- 

2

8 

θ

s,max 

curtain walls 

B202

2.001 -//- 

5

4 

θ

s,max 

suspended ceiling 

C303

2.003a -//- 

2

6 

P

FA 

cold water piping 

D202

1.011a -//- 1 

P

FA 

hot water piping 

D202

2.012b -//- 1 

P

FA 

HVAC 

D304

1.001a -//- 3 

P

FA 

Modular office work stations 

E202

2.001 -//- 

9

0 

P

FA 

unsecured fragile objects on shelves 

E202

2.010 -//- 

9

0 

P

FA 

electronic equipment on wall 

E202

2.021 -//- 1 

P

FA 

Desktop electronics 

E202

2.022 -//- 

9

0 

P

FA 

Book case 

E202

2.102a -//- 

9

0 

P

FA 
 

Beam local buckling is expected just after the end of the reinforcing plates, and therefore, 

the unreinforced lengths of the beams are modelled using Force-based beams with hinges 

elements incorporating the modified Gauss–Radau plastic hinge integration method developed 

by Scott and Fenves [38]. The implementation divides the element into two hinges at the 

ends, with one integration point per hinge and a linear-elastic region in the middle with two 

integration points. Strength and stiffness deterioration model [39] is assigned on the beams 

fibers, according to [40]. This approach results in smooth backbone curves for flexural 

members, similar to that observed in experiments. 

Panel zones are modelled using the Krawinkler model [41] which consists of four rigid 

links connected at the corners by rotational springs. The springs at the lower left and upper 

right corners have no stiffness, and thereby act as true hinges. The spring at the upper left is 

used to represent panel zone shear resistance, and the spring at the lower right is used to 

represent column flange bending resistance. 
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To account for P-Δ effects, the gravity columns associated with the SC-MRFs are 

modelled as lean-on columns. Diaphragm action is modelled with truss elements connecting 

the lean on columns nodes to nodes defined along the length of the beams at the points where 

secondary beams are placed. These trusses have stiffness of 100 times the axial beam 

stiffness. 

Nonlinear viscous dampers are modelled with zero length elements (Viscous material of 

OpenSees), while their supporting braces are modelled with elastic braces as they are strong 

enough to avoid buckling. In the analytical model, the damper limit states caused by their 

stroke limit are not considered, i.e. it is assumed that dampers will be manufactured with 

enough stroke to avoid reaching their limit states even under very large storey drifts. 

Models of PT connections with WHPs have been proposed in [10, 24]. In this work, a 

simplified modelling for PT connections has been adopted where the M-θ behaviour of the PT 

connection is simulated by inserting 2 rotational springs in parallel at the beams ends (see 

figure 5). These rotational springs simulate the contribution of the WHPs and the PT bars on 

the overall rotational behaviour of the PT connection. In this simplified modelling, the beams 

compressive axial forces due to PT bars tensile forces are not simulated. 

The model with the simplified PT connections has been evaluated against the detailed 

model of [9, 23] with cyclic and monotonic pushover analyses. The results showed that the 

simplified model is capable to accurately simulate the frame response.  

The connections of the conventional MRFs are assumed to be rigid and have full strength, 

while beams are modeled as elastic elements with zero length rotational springs at their ends 

that exhibit strength and stiffness deterioration [39]. Columns and panel zones are modeled as 

described above for the SC-MRFs. 

The OpenSees models for the SC-MRFs and the conventional MRFs include the effect of 

the panel zone stiffness, and so, result in T1 value shorter than 1.27 s that is based on the 

centerline models used for design. T1 from the OpenSees models is 0.94 s for both SC-MRFs 

with and without viscous dampers and 1.18 s for both MRFs with and without viscous 

dampers. 

 

 
Figure 5: Simplified model for an exterior PT connection and the associated beams and 

columns. 

6 NONLINEAR STATIC AND DYNAMIC ANALYSES 

6.1 Nonlinear static analyses  

Figure 6 shows the base shear coefficient (V/W; V: base shear and W: seismic weight) - 

roof drift (θr) behaviour of the SC-MRFs and the conventional MRFs from pushover analysis. 
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A displacement-controlled pushover analysis is executed up to θr of 10%. Pushover curves are 

shown along with structural limit states and θr estimations under the FOE, DBE and MCE. 

Figure 6(a) shows the pushover curve of the SC-MRF. WHPs yield at θr equal to 0.2% 

lower than the FOE θr (0.6%) followed by column plastic hinge at θr equal to 1.0% before 

DBE θr (1.6%). Plastic hinge at the end of the beam flange reinforcing plate occurs at θr equal 

to 2.5% after MCE θr (2.4%). After this point the strength of SC-MRF continues to increase 

up to θr of 4.7% where beam local buckling occurs and strength deterioration initiates. PT bars 

do not yield even under very large drifts as the beam plastic hinge rotations drastically reduce 

gap opening and PT bar elongation. The peak V/W is 0.34. Viscous dampers do not affect the 

behaviour of the SC-MRFs under static loading, and so, SC-MRF with viscous dampers has 

the same pushover curve (figure 6(b)) with the SC-MRF apart from lower θr under the FOE, 

DBE and MCE. Column plastic hinge occurs at the DBE θr (1.0%), while beam plastic hinge 

occurs at θr higher than the MCE θr (1.6%). 
 

 

 
 

 
Figure 6: V/W-θr behaviour from nonlinear monotonic (pushover) static analysis. 

 

Figure 6(c) shows the pushover curve of the conventional MRF. Beam plastic hinge occurs 

at 0.7% θr followed by column plastic hinge formation at 1.0% θr and beam local buckling at 

3.4% θr. The behaviour of the conventional MRF is worse than the behaviour of the SC-MRF 

with the same cross-sections as all structural limit states are reached at lower θr. The peak 

V/W is 0.26. Viscous dampers do not affect the behaviour of the MRFs under static loading, 

and so, MRF with viscous dampers has the same pushover curve (Figure 6(d)) with the MRF 

apart from lower θr under the FOE, DBE and MCE. Column plastic hinge occurs at the DBE 

θr (1.0%), while beam plastic hinge occurs at θr in between the FOE θr (0.4%) and DBE θr 

(1.0%).   

Figure 7 shows the V/W-θr behaviour of the SC-MRFs and the conventional MRF from 

nonlinear cyclic (push-pull) static analysis up to the DBE θr. SC-MRFs with and without 

viscous dampers have good energy dissipation capacity and self-centering capability. SC-

MRF has a small residual θr due to modest column base yielding. The conventional MRFs 

with and without viscous dampers show higher energy dissipation capacity but have 

significant residual θr compared to all SC-MRFs. 
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Figure 7: V/W-θr behaviour from nonlinear cyclic (push-pull) static analysis up to DBE 

roof drift. 

6.2 Nonlinear dynamic analyses – collapse simulation 

To investigate sidesway collapse, incremental dynamic analysis (IDA) [42] is performed 

for all the deign cases (SC-MRF, SC-MRF with viscous dampers, MRF, and MRF with 

viscous dampers). IDA involves increased amplitude scaling of individual ground motion 

records to estimate the relationship between IM and EDP. For the IDA simulations, sidesway 

collapse is defined as the point of dynamic instability when θs,max increases without bound. 

IDAs were performed under a set of 22 recorded far-field ground motions pairs (i.e. 44 time 

histories) developed by the ATC-63 [43] project. The Newmark method with constant 

acceleration is used to integrate the equation of motions. A Rayleigh damping matrix is used 

to model the inherent 3% critical damping at the first two modes of vibration. Each dynamic 

analysis is extended well beyond the actual earthquake time to allow for damped free 

vibration decay and accurate θs,res calculation. Figure 8 shows the IDA curves of all the design 

cases. 
Having Sa(T1) collapse of the SC-MRF from the IDA curves (figure 8(a)), a fragility curve 

is constructed by fitting a lognormal cumulative distribution function to define the probability 

of collapse as a function of Sa(T1), as shown in figure 9(a). Figure 9(b) shows the collapse 

fragility curves of all the design cases, where the Sa(T1) is normalized by Sa,MCE, i.e. the MCE 

spectral acceleration of the ground motion at T1. Sa,MCE equals to 0.83g for the SC-MRF, 

0.53g for SC-MRF with viscous dampers, 0.67g for MRF and 0.42g for MRF with viscous 

dampers. All the examined design cases, shown in figure 9(b), have superior collapse 

resistance, with zero probability of collapse under the MCE. SC-MRF has significantly better 

performance with fragility curves clearly shifted to the right of the MRF. The median collapse 

capacity Sa(T1) equals to 4.5∙Sa,MCE for the SC-MRF and 3.6∙Sa,MCE for MRF. The use of 

viscous dampers results in higher collapse resistance for both the MRF and the SC-MRF, with 

the corresponding collapse fragility curves shifted to the right. The median collapse capacity 

Sa(T1) equals to 8.6∙Sa,MCE and 8.0∙Sa,MCE for the SC-MRF with viscous dampers and MRF 

with viscous dampers, respectively. 
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                                (a)                                                  (b) 

 
 

                                (c)                                                  (d) 

 
 

Figure 8: (a) IDAs of SC-MRF; (b) IDAs of SC-MRF with viscous dampers; (c) IDAs 

of MRF; and (d) IDAs of MRF with viscous dampers. 

 
                                (a)                                                  (b) 

 
 

Figure 9: (a) Collapse fragility function of SC-MRF; (b) Collapse fragility function of 

all design cases, normalized to Sa,MCE. 

7 ESTIMATION OF ECONOMIC SEISMIC LOSSES 

7.1 Vulnerability functions 

The vulnerability functions of this Section are derived by assuming that the median and 

lognormal standard deviation of P(D|θs,res) are equal to 1.88% [32] and 0.30 [31], 

respectively. Figure 10 shows the vulnerability functions of all the design cases, at 16%, 50% 

and 84% probability of exceedance of a DV for a wide range of IMs. The selected DVs are 

the repair cost and the loss ratio. 

0 5 10 15
0

4

8


s,max

  (%)

S
a
(T

1
) 

(g
)

SC-MRF

0 5 10 15
0

4

8


s,max

  (%)

S
a
(T

1
) 

(g
)

SC-MRF - Dampers

0 5 10 15
0

4

8


s,max

  (%)

S
a
(T

1
) 

(g
)

MRF

0 5 10 15
0

4

8


s,max

  (%)

S
a
(T

1
) 

(g
)

MRF - Dampers

0 6 12
0

0.5

1
SC-MRF

S
a
(T

1
) (g)

P
ro

b
 o

f 
c
o

lla
p

s
e

0 10 20
0

0.5

1

S
a
(T

1
) /S

a,MCE

P
ro

b
 o

f 
c
o

lla
p

s
e

Collapse Fragility Functions

 

 

SC-MRF
SC-MRF - Dampers
MRF
MRF - Dampers



T. L. Karavasilis et al. 

 13 

The SC-MRFs with and without viscous dampers have better performance compared to the 

corresponding MRFs, with their vulnerability function shifted to the top of figure 10. Also, 

both MRF and SC-MRF have better performance when viscous dampers are inserted into the 

building. The SC-MRF with viscous dampers has higher performance with vulnerability 

functions clearly shifted to the top of those of the other frames. This demonstrates the 

effectiveness of supplemental damping to improve the structural and non-structural seismic 

performance of steel SC-MRFs by minimize θs,res under high seismic intensities. The 50% 

probability of repair cost to be exceeded for each design case is presented in table 3, under 

several seismic intensities. 

 

 
 

 
 

 
 

Figure 10: 16%, 50% and 84% probability of a DV to be exceeded, expressed in terms 

of repair cost and loss ratio, for a wide range of IMs. 
 
The results in table 3 show that viscous dampers reduce by more than 90% the repair cost 

for both MRF and SC-MRF under the MCE and DBE, while they minimize it under the FOE. 

SC-MRFs with and without viscous dampers have similar performance with the 

corresponding MRFs, under the FOE, DBE and MCE. For Sa(T1)=1.0g the repair cost of both 

MRF and SC-MRF is reduced by more than 50% when viscous dampers are inserted into the 

building; SC-MRFs with and without viscous dampers reduce the repair cost by 50% and 40% 

compared to the corresponding MRFs, respectively. For Sa(T1)=2.0g and Sa(T1)=3.0g, viscous 
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viscous dampers reduce the repair cost by 72% and 56% compared to the corresponding 

MRFs, respectively. For Sa(T1)=3.0g the SC-MRF with viscous dampers has significantly 

better performance than the other design cases (45% reduction in repair cost). The 

aforementioned results demonstrate the crucial role of θs,res by considering the losses resulting 

from the P(D|θs,res) (as discussed in Section 3.2) and the ability of the SC-MRFs to reduce the 

repair cost by minimize θs,res, under high seismic intensities. 

 
Table 3: 50% probability of repair cost to be exceeded in $ (10

6
). Buildings with contents and median 

of P(D|θs.res.max) equal to 1.88% 

Design cases Sa,FOE Sa,DBE Sa,MCE Sa(T1)=1.0g Sa(T1)=2.0g Sa(T1)=3.0g 

MRF 0.01 0.15 0.50 1.39 6.37 6.64 

MRF - Dampers 0.00 0.01 0.02 0.57 6.20 6.63 

SC-MRF 0.01 0.13 0.45 0.82 2.80 6.07 

SC-MRF - Dampers 0.00 0.01 0.04 0.29 1.78 3.67 

 

7.2 Sensitivity of loss to changes in the probability of demolition 

In Sections 7.1 it was assumed that the  P(D|θs,res) follows a lognormal distribution, with 

median equal to 1.88% [32] and logarithmic standard deviation 0.3 [31]. However, there are 

limited data available and limited information about the statistical parameters of this 

distribution. In this Section a sensitivity analysis was conducted to examine how different 

estimates of the median of P(D|θs,res) affect the estimation of the economic losses.  

To examine the sensitivity of the economic losses to the median of P(D|θs,res), additional 

loss analyses were conducted using medians of P(D|θs,res) equal to 0.5% [33] and 1.0% while 

holding the dispersion constant at 0.30, since loss estimations are much more sensitive to 

changes in the median than the dispersion of the probability of demolition [31]. Figures 11 

and 12 show the vulnerability functions of all the design cases for median of P(D|θs,res) equal 

to 0.5% and 1.0%, respectively. In figures 11 and 12, only the 50% probabilities of a DV to 

be exceeded for a wide range of IMs are presented. The selected DVs are the repair cost and 

the loss ratio. 
 

  

Figure 11: 50% probability of repair cost and loss ratio to be exceeded for median of 

P(D|θs,res) equal to 0.5%. 
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Figure 12: 50% probability of repair cost and loss ratio to be exceeded for median of 

P(D|θs,res) equal to 1.0%. 

 
Table 4: 50% probability of repair cost to be exceeded in $ (10

6
). Buildings with median of 

P(D|θs.res.max) equal to 0.5% 

Design cases Sa,FOE Sa,DBE Sa,MCE Sa(T1)=1.0g Sa(T1)=2.0g Sa(T1)=3.0g 

MRF 0.01 0.14 5.36 6.02 6.67 6.68 

MRF - Dampers 0.00 0.01 0.03 6.06 6.67 6.73 

SC-MRF 0.01 0.13 0.45 0.83 6.15 6.63 

SC-MRF - Dampers 0.00 0.01 0.04 0.29 1.92 6.41 

 

The results in table 4 show that viscous dampers minimize the repair cost for both MRF 

and SC-MRF under the FOE, DBE and MCE. The SC-MRFs with and without viscous 

dampers have similar performance with the corresponding MRFs, under the FOE and DBE. 

Under the MCE, the SC-MRF has a significantly reduced repair cost (90%) than the MRF, 

while the SC-MRF with viscous dampers has similar performance with the MRF with viscous 

dampers. For Sa(T1)=1.0g and Sa(T1)=2.0g viscous dampers are more effective only into the 

SC-MRF, where they result in 69% reduction of repair cost, while the repair cost of the MRF 

does not significantly changes when viscous dampers are inserted. In addition, for Sa(T1)=1.0g 

the SC-MRFs with and without viscous dampers reduce the repair cost by 95% against the 

corresponding MRFs with and without viscous dampers. For Sa(T1)=2.0g the SC-MRF with 

and without viscous dampers reduce the repair cost by 72% and 10% against the MRFs with 

and without viscous dampers respectively. For Sa(T1)=3.0g viscous dampers are not effective 

for both MRF and SC-MRF, while the SC-MRF with and without viscous dampers has 

similar performance with the MRFs with and without viscous dampers, respectively. 
 
Table 5: 50% probability of repair cost to be exceeded in $ (10

6
). Buildings with median of 

P(D|θs.res.max) equal to 1.0% 

Design cases Sa,FOE Sa,DBE Sa,MCE Sa(T1)=1.0g Sa(T1)=2.0g Sa(T1)=3.0g 

MRF 0.01 0.14 5.36 6.02 6.67 6.68 

MRF - Dampers 0.00 0.01 0.03 6.06 6.67 6.73 

SC-MRF 0.01 0.13 0.45 0.83 6.15 6.63 

SC-MRF - Dampers 0.00 0.01 0.04 0.29 1.92 6.41 
 

The results in table 5 show that viscous dampers minimize the repair cost under the FOE, 

DBE and MCE. The SC-MRFs with and without viscous dampers have similar performance 

with the corresponding MRFs, under the FOE. Under the DBE and MCE, the SC-MRF has 

reduced repair cost compared to MRF by 20% and 17%, respectively, while the SC-MRF with 

viscous dampers has similar performance with the MRF with viscous dampers. For 

Sa(T1)=1.0g viscous dampers reduce the repair cost by 58% and 65% for the MRF and SC-

MRF, respectively;  SC-MRFs with and without viscous dampers reduce the repair cost by 

69% and 63% compared to MRFs with and without viscous dampers, respectively. For 

Sa(T1)=2.0g and Sa(T1)=3.0g viscous dampers are more effective only into the SC-MRF, 
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where they result in 28% and 10% reduction of repair cost respectively, while the repair cost 

of the MRF does not significantly changes when viscous dampers are inserted;  SC-MRFs 

with and without viscous dampers reduce the repair cost by 73% and 52% compared to the 

corresponding MRFs, respectively. For Sa(T1)=3.0g the SC-MRF has similar performance 

with the MRFs, while the repair cost of the SC-MRF with viscous dampers is reduced by 16% 

compared to MRF with viscous dampers. 

    Comparison between the results of table 4 and 5 shows that by using median of 

P(D|θs,res) equal to 0.5%, the SC-MRF has 90% reduced repair cost compared to the MRF 

repair cost under the MCE, while by using median of P(D|θs,res) equal to 1.0%, the SC-MRF 

has 20% and 17% reduced repair cost under the DBE and MCE, respectively. In addition, the 

results of Table 3 show that by using median of P(D|θs,res) equal to 1.88% both MRF and SC-

MRF under the MCE and DBE have similar repair cost. The aforementioned results 

demonstrate the crucial role of θs,res by considering the losses resulting from the P(D|θs,res), 

since it can affect the selected type of lateral resisting system. Nevertheless, more work is 

needed to evaluate the θs,res beyond which the structure can be demolished. 

8 CONCLUSION 

In this paper the potential of SC-MRFs with viscous dampers to reduce the economic 

losses in steel buildings due to strong earthquakes is evaluated. The evaluation is based on the 

comparison of different designs of a prototype steel building using as lateral-load resisting 

system: 1) conventional steel MRFs; 2) MRFs and viscous dampers; 3) SC-MRFs; and 4) SC-

MRFs with viscous dampers. The building's repair cost is evaluated by developing 

vulnerability functions according to the state of the art ATC-58 methodology, and compared 

for all the design cases. The probability of demolition after a strong earthquake was also taken 

into account by assuming different permissible residual storey drifts levels. Based on the 

results presented in the paper, the following conclusions are drawn: 

1. All the examined design cases have zero probability of collapse under the MCE. The SC-

MRF has higher collapse resistance compared to the corresponding MRF. The use of 

viscous dampers results in higher collapse resistance for both the MRF and the SC-MRF, 

while the SC-MRF with viscous dampers has superior collapse resistance. 

2. The use of viscous dampers reduces the repair cost by more than 90% for both the MRF 

and SC-MRF under the MCE and DBE, while the repair cost is minimized under the 

FOE.  

3. SC-MRFs with and without viscous dampers have similar performance to that of the 

corresponding MRFs, up to the MCE. For higher seismic intensities (e.g. Sa(T1)=2.0g), 

SC-MRFs with and without dampers have significantly improved performance compared 

to the corresponding MRFs and lower repair cost, while the effect of dampers is 

considerable in the case of the SC-MRF. 

4. Supplemental viscous damping is very effective in improving the residual drift 

performance and reduces the economic losses for both the SC-MRF and MRF. 

5. The results highlight the importance of considering residual drifts as a demand parameter 

controlling whether a building is repairable or needs to be demolished in the aftermath of 

a strong earthquake. 

6. The selection of low median of probability of having to demolish the structure 

conditioned the residual storey, P(D|θs,res), can justify the increased cost and design 

complexity of SC-MRFs with or without dampers, as lateral resisting systems. However, 

the selection of high median of P(D|θs,res) can result to similar economic losses in both 

MRFs and SC-MRFs for seismic intensities up to MCE. In such cases MRFs with or 

without dampers can be more a economical design solution as lateral resisting systems. 
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7. Additional research is needed to evaluate the effect of the residual drift limit value 

beyond which the structure is demolished.  Reliable values for this limit are needed to 

enhance the accuracy of loss estimation procedures.  
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