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fuses dominated by racking deformations. At its core, energy demand indices under 
ground motions considering both peak responses and cumulative responses are quantified 
to develop a dual-energy-demand-indices-based procedure for damage-control behavior 
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demand indices of the energy factor and the cumulative ductility. Results of the indices 
distribution and dispersion are presented in detail. Subsequently, a stepwise procedure that 
accounts for the peak demand and the cumulative demand is constructed. Then, the 
procedure is applied in prototype structures for validation. Results indicate that the 
consideration of dual energy demand indices is necessary for evaluation of systems with 
fuses, and these indices are influenced by structural nonlinear parameters and ground 
motions properties. The procedure based on the dual energy demand indices can be used to 
evaluate the structural damage-control behavior with satisfactory accuracy considering the 
peak response, the cumulative response, and the energy distribution along stories. 
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1. Introduction 

Although nonlinear response history analysis (NL-RHA) is the most rigorous procedure to 

analyze structural responses of structures subjected to ground motions, static design and 

evaluation procedures are preferred as the first step in engineering practice for their 

conceptual simplicity and computational efficiency. Fundamentally, a successful seismic 

design by static procedures requires the appropriate determination of demand indices of a 

structure subjected to ground motions. In this respect, many efforts have been made for 

quantifying inelastic seismic demand indices in recent decades. In particular, indicators 

representing seismic demands in terms of strength [1-4] and displacement [5-8] have been 

extensively investigated as the foundation of the widely used force-based and 

displacement-based procedures. Since the satisfactory effectiveness of these indices for 

estimating structural seismic demands was validated, they have been documented in design 

provisions [9-10] and evaluation methods [11-12]. More recently, procedures including 

multiple demand indices were developed to account for multiple performance objectives. 

For instance, Guo and Christopoulos [13-14] proposed the performance spectra employing 

the demand indices of force and displacement simultaneously, and applied them in 

supplemental damping system with energy dissipation dampers. In parallel with these 

investigations, research works suggest that the inelastic seismic design and evaluation can 

also be conducted with the application of energy balance concept. An energy factor [15-16] 

derived from the modified Housner equation [15, 17] can serve as a reliable demand index 

to quantify the inelastic demand of systems subjected to ground motions, and the feature of 

strength and displacement can be favorably quantified by this single indicator, greatly 
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facilitating a design or evaluation procedure. Therefore, interest has been directed to the 

seismic energy factor and energy-factor-based seismic design or evaluation procedures. 

For instance, Zhai et al. [18] developed formulations of the energy factor of 

single-degree-of-freedom systems under near-fault pulse-like ground motions for practical 

applications. Sahoo and Chao [19] derived the design base shear for buckling-restrained 

braced frames and developed a design procedure using the energy factor associated with 

the Newmark and Hall spectra [1]. Likewise, Peckcan et al. [20-21] developed design 

frameworks for innovative truss girder frame system with the energy factor. Heidari and 

Gharehbaghi [22] applied the energy factor as the demand index to develop a refined 

procedure considering truss girder frame systems with energy dissipation devices. 

Kharmale and Ghosh [23] constructed a design procedure of the steel plate shear wall 

structures with the energy factor denoting the demand. Jiang et al. [24] adopted the energy 

factor to determine the seismic energy demand of systems and developed an energy-based 

multi-mode pushover analysis procedure. In general, these investigations have 

demonstrated the tremendous potential of the energy factor in seismic engineering. 

However, it should be noted that the energy factor is a quantity considering the peak 

response of the system since the energy balance equation is established based on the 

absorbed energy determined from the skeleton pushover curve. In this regard, applying this 

single indicator as the demand index might lead to unconservative estimates since failure 

might occur due to cumulative damage [25-32] even when the peak response is not 

significant, particularly for the recently expanded innovative systems installed with energy 

dissipation fuses [13-14, 33-39], since the fuse elements are designated as the primary 
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source of plastic energy dissipation. On the other hand, although current methods 

established based on cumulative absorbed energy of a system essentially cover the peak 

response, the dependency of demand indices on ground motions would be amplified as the 

cumulative effect may vary dramatically for different ground motions, which might 

conceal some basic rules if only the quantities representing the cumulative demand is used 

in design and evaluation. For instance, the classical equal-energy and equal-displacement 

rules proposed by Newmark and Hall [1, 15], which are of great values for seismic design, 

might not be revealed directly if only the cumulative energy is considered, since these 

rules were obtained based on skeleton pushover curves. Moreover, for a system equipped 

with energy dissipation fuses, the nonlinear behavior of the entire system is altered, 

leading to the remarkable post-yielding stiffness ratio after the yielding of fuses is 

triggered, but the available formulas of the widely used energy demand indices (e.g. 

energy factor, cumulative ductility) were generally established on a perfectly elasto-plastic 

(EP) model or a bilinear model of negligible post-yielding stiffness ratio. Thus, 

improvement should be made when applying the energy balance concept in seismic 

demand quantification of the innovative damage-control systems with energy dissipation 

fuses.  

In this research, to evaluate the damage-control behavior of low-to-medium rise frame 

structures with energy dissipation fuses dominated by racking deformations (global shear 

deformations), two energy demand indices, the energy factor and the cumulative ductility, 

are adopted to construct an energy-balance-concept-based damage-control evaluation 

procedure, considering the peak demand and the cumulative seismic demand, 



 5 

simultaneously. Firstly, the hysteretic feature of the systems is quantified and validated 

based on a recent experimental investigation. For low-to-medium rise frame structures 

which are dominated by racking deformations under earthquakes without being 

appreciably influenced by higher vibration modes, recent research works [8,12,15] indicate 

that the seismic response of the entire structure as a multi-degree-of-freedom (MDOF) 

system can be reasonably quantified by an equivalent single-degree-of-freedom (SDOF) 

system considering the fundamental vibration mode. Thus, the energy factor and the 

cumulative ductility are analyzed with SDOF systems with the validated hysteretic feature 

below the defined resilience threshold, considering various combinations of nonlinear 

parameters under ground motion ensembles to establish a parametric study. Subsequently, 

an energy-balance-concept-based approach defined as dual-energy-demand-indices-based 

(DEB) procedure is constructed for evaluating the seismic demands of frame structures 

with energy dissipation fuses. Lastly, case studies are conducted to validate the 

attractiveness of the procedure. It is noted that although the DEB procedure does not 

involve the quantification of damage levels of fuse elements, it can be utilized to 

reasonably estimate the seismic demand of damage-control systems with energy 

dissipation fuses, and the proposed framework can be used as the sound basis for a 

complete energy-based seismic design method associated with research works quantifying 

the energy dissipation capacity of structural elements [28].  

2. Damage-control behavior and energy demand indices of systems with fuses 

2.1. Hysteretic behavior and experimental validation  

For a damage-control system with energy dissipation fuses, the fuse elements are 
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expected to yield before inception of yielding of the remaining structure defined as the 

primary system [35]. Therefore, the structural hysteretic behavior is transformed in 

different states, as schematically illustrated in Fig. 1. The requirements considering the 

damage-control behavior are given as follows: (1) The primary system should stay elastic 

under expected ground motions with damages restricted in the energy dissipation fuses; (2) 

The energy dissipation fuses should provide a stable source of plastic energy dissipation to 

satisfy the cumulative demand without occurrence of failure. A damage-control core (DCC) 

following the classical bilinear kinematic hysteretic law can be extracted from the 

hysteretic curve. Because of the elastic behavior of the primary system, the post-yielding 

stiffness ratio of the DCC is generally significant [34], and the deformation corresponding 

to inception of yielding of the primary system is defined as the resilience threshold.  

The damage-control behavior and hysteretic feature have been validated by a recent 

large-scale experimental study of a steel moment resisting frame (MRF) equipped with 

energy dissipation fuse beams. Specifically, preselected bays in a frame structure were 

designated as energy dissipation bays with fuse beams, and the remaining frames were 

expected to stay damage-free in a wider deformation range. In a steel MRF, the novel 

concept can be readily realized by applying members with different yield strengths. For the 

purpose of clarification, brief information on the experimental study is illustrated in Fig. 2. 

As a representative damage-control frame system with energy dissipation fuses, the 

specimen was a large-scale high strength steel MRF with fuse beams of carbon mild steel 

in the short bay. In particular, the two twin plane frames of two bays were connected by 

out-of-plane braces with a distance of 1 m. In the frame plane, the column distance for the 
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long bay and the short bay was 2 m and 1 m, respectively. To restrict damages to the fuse 

beams, the primary MRF system was designed with high strength steel of a nominal yield 

strength of 460 MPa, and the nominal yield strength for the fuse beams was 235 MPa. 

During the experiment, the specimen was fixed on the ground through a rigid foundation 

beam. A vertical load of 1500 kN, simulating the gravity load, was first exerted from a 

vertical actuator and transferred to the columns, producing the nominal axial force ratio 

(N/Ny) of 0.15 for the middle columns, where N and Ny are the axial force measured by 

strain readings and the nominal axial force causing yielding of the column, respectively. 

For a system in high seismic regions, a relatively small axial force ratio induced by the 

gravity load is rational [26]. This axial force could also indirectly account for the effect of 

the gravity load of a structure on the columns and involve the P-delta effect under seismic 

actions. Subsequently, to closely simulate the actual lateral loads induced by seismic 

actions, the triangular lateral loads (the ratio of the horizontal load at the first story to the 

load at the second story is 1:2) were applied on the specimen, assuming that the system 

would undergo the invariant triangular inertia force distribution under earthquake events. 

In the test, the specimen was cyclically loaded in terms of story drift. In particular, the 

actuator in the second story was set as the driving actuator, and the one in the first story 

was set as the driven actuator. During the loading process, the driving actuator was 

controlled in terms of displacement, and the drift of the second story measured by 

displacement transducers was used to govern the load cycles. This test setup was also used 

in a companion research work [40]. Note that although the quasi-static test could not 

perfectly replicate inertia forces induced by ground motions, it could still provide an 



 8 

insight into the nonlinear behavior of the system, and the test results could also be utilized 

as a sound base for establishing structural hysteretic models for dynamic analyses. 

The story shear force versus story drift curves loaded to the controlled drift of 4% are 

given in Fig. 2(b). Also, the damage-control cores corresponding to the curves with the drift 

loaded to 1.5% beyond which the high strength steel beams in the primary system began to 

develop remarkable inelastic deformation, as indicated by the strain readings, are extracted 

and given in Fig. 2(c). In these figures, V1 and V2 denote the story shear force of the first 

story and the second story, respectively; θ1 and θ2 are the corresponding story drifts. To 

validate the applicability of the bilinear hysteretic model of significant post-yielding 

stiffness ratio for featuring the DCC, the bilinear model curves were determined and 

compared with the test curves. In particular, the skeleton curves up to the controlled drift of 

1.5% were idealized by a bilinear estimation following FEMA 273 [10], and the initial 

stiffness, the equivalent yielding story drift corresponding to the yielding of fuse beams (θy1) 

and the post-yielding stiffness ratio (α) were determined and presented in Fig. 2(c). 

Subsequently, the drift history measured in the test and the calibrated coefficients (α and θy1) 

were used to determine the model curves. As can be seen, satisfactory agreement between 

the bilinear model curves of significant post-yielding stiffness ratios and the test curves can 

be observed. In general, although the realistic structural hysteretic curves are not perfectly 

bilinear because yielding develops progressively, the bilinear model of significant 

post-yielding stiffness ratio can produce satisfactory estimates for predicting the structural 

seismic response and at the same time retain computation efficiency as also illustrated in 

previous research works [33-34]. For low-to-medium rise frame systems which are 



 9 

dominated by racking deformations, the seismic response of the entire system can be 

reasonably evaluated considering an equivalent SDOF system of the applicable hysteretic 

behavior [8,15]. Therefore, bilinear SDOF systems with considerable post-yielding 

stiffness ratios are utilized to analyze the seismic response of frame systems with energy 

dissipation fuses considering the damage-control behavior. 

2.2. Energy demand indices 

To quantify the nonlinear behavior of the system, the post-yielding stiffness ratio (α) of 

the DCC is defined as the ratio of the post-yielding stiffness to the initial stiffness of the 

system. The sequence factor is defined and given by  

1y

δζ
δ

=                                   (1) 

where δy1 and δ are defined as the first yield displacement determined by yielding of fuses 

and the expected target displacement, respectively. As yielding of the primary system 

results in increasing of post-earthquake repair works and great loss of structural 

functionality, the deformation denoting the initiation of yielding in the primary system (δy2 

in Fig. 1) is defined as the resilience threshold. Correspondingly, the value of ζT (Fig. 1) 

quantifying the deformation range of a DCC can be determined. 

Considering the energy balance of system below the resilience threshold, the energy 

factor γdc is determined using the nominal absorbed energy calculated by the covered area 

of the skeleton curve to the absorbed energy of the corresponding elastic system ratio with 

a target displacement, given by 

dc ae aE Eγ =                                 (2) 

where Eae and Ea are the absorbed energy of the corresponding elastic system and nominal 
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absorbed energy of an inelastic system, as illustrated in Fig. 3. Therefore, the energy factor 

can be calculated and given by 
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where M is the mass of the system; Sv is the spectral pseudo-velocity determined from an 

elastic spectral analysis of an SDOF system under a ground motion [15,17], and it can be 

utilized to quantify the peak response of an elastic SDOF system; Vy1 and δy1 are the force 

and displacement corresponding to yielding of fuses, respectively; Ve and δe are the 

maximum force, maximum displacement of corresponding elastic system, respectively; χ 

is defined as the damage-control factor, which is dependent on the parameters of the DCC 

and ground motion properties simultaneously. According to the aforementioned derivation, 

it can be seen that the energy factor of systems with fuses is not identical to EP systems 

and affected by the DCC shape. 

As for the cumulative ductility for a system with fuses, it is also not identical to EP 

systems [29-30]. In particular, the cumulative ductility demand [34] can be solved and 

given by  

p
a

y1 y1(1 )
E

V
µ

α δ
=

−
                                 (5) 

where Ep is the plastic energy dissipated by systems. For structures deforming in the range 

below the resilience threshold, μa can be used to quantify the cumulative demand induced 

by ground motions with a focus on the damage-control behavior.  
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It is noted that γdc determined from the classical energy balance equation proposed by 

Housner [15,17] is obtained based on a skeleton pushover curve of the entire system, and 

the elastic energy contributed by the primary system is also involved. Thus, this index also 

serves as a systematic parameter. Comparatively, µa is a normalized quantity determined 

from the dissipated plastic energy corresponding to damages restricted in fuses. 

Considering the essence of the structural energy balance during a ground motion, it is not 

the total energy of an earthquake that determines the damage of a structure, but the rate at 

which this energy arrives and shakes the structure [41-42]. This indicates that both the 

peak response and the cumulative response are significant in identifying the structural 

damage and behavior, which can be considered by the energy factor and the cumulative 

ductility, respectively. In this respect, these two indices can serve as demand indices to 

comprehensively identify the seismic energy demand of the system, echoing the two 

fundamental requirements of damage-control behavior addressed in Section 2.1. 

3. Parametric study of energy demand indices  

3.1. Development of the demand indices spectra and ground motions  

The procedure of computing the energy demand indices is given in the flowchart 

illustrated in Fig. 4. This procedure is similar to establishing a constant ductility spectrum 

[18, 25], in which the sequence factor and the post-yielding stiffness ratio for quantifying 

the DCC are used as basic parameters. During these analyses, the determination of Vy1 

follows an iteration procedure. In particular, the iteration starts from assigning an initial 

value of Vy1 (close to Ve) to the SDOF system and running the NL-RHA of the SDOF 

system. Then, the procedure is repeated with value of Vy1 decreasing gradually until the 
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expected value of ζ is achieved. 

To establish a parametric study, 120 ground motions records (Fig. 5) which can be 

regarded as representatives of different soil conditions and fault effects are used in this 

research. These ground motions were also used in the original SAC project [43] 

representing the stiff soil, soft soil and near-fault conditions, respectively. In the analyses, 

50 structural periods ranging from 0.1 s to 5 s are considered and a constant damping ratio 

of 5% is assumed. To compare with the conventional hysteretic model, the corresponding 

EP systems are also incorporated into the analysis. 210000 analyses are performed 

considering SDOF systems with various DCC shapes, and a validated algorithm 

BTESPEC [16] is used to perform the analyses. 

3.2. Energy factor spectra and cumulative ductility spectra   

As representative results, mean values of γdc with different DCC parameters are plotted 

in Fig. 6. As can be seen, for the effect of ζ, γdc in short period regions (T<0.5 s) increases 

with increasing ζ, highlighting the phenomenon of “energy lock”. This explains the 

classical equal-strength rule [1, 15] for short-period systems in the perspective of energy, 

implying that the peak response demand can be very large for short-period systems 

developing inelastic deformation. Comparatively, increasing of ζ leads to favorable 

decreasing of γdc in moderate and long period regions (T>0.5 s), indicating that the energy 

balance can be more readily to reach by making use of plastic deformation of fuses. This 

phenomenon indicates that enlargement of yield drift gaps between the primary system and 

fuse elements is an effective alternative to realize the damage-control behavior for 

moderate and long period structures, since γdc decreases significantly. For the feature of the 
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post-yielding stiffness ratio, the results show that the increasing value of α leads to an 

evident decrease of γdc in short period regions while a reversed trend can be observed in 

longer period regions. Especially in cases where the sequence factor is significant, the 

amplification of γdc induced by α in the long period region is substantial. For instance, for 

systems with the period of 3 s, there is averagely a 100% increase of γdc considering the 

stiff soil site of LA area (ζ=5), when α increases from 0 to 0.7 (See Fig. 6(a)). In general, 

although the effect of the shape of DCC on the energy factor is not appreciable for systems 

of relatively small α and ζ with the period larger than 0.5 s, the evident effect of the DCC 

on the energy factor can be observed for cases with significant α and ζ. Also, the widely 

used energy factor spectra [19-23] derived from the Newmark and Hall spectra [1] for EP 

systems are also indicated in the figure (See Fig. 6(a)), and an evident difference can be 

observed for systems with a DCC of large α and ζ, hence, strengthening the necessity of 

considering the DCC for designing and evaluating structures with fuses. Note that although 

only representative results are given, the tendency is the same for all ground motion 

ensembles. To provide a more comprehensive insight into the behavior of the system, the 

corresponding yield force spectra featured by normalized Vy1, determined as Cy=Vy1/W (W 

denotes the seismic weight of the SDOF system), was obtained and plotted in Fig. 6. In 

general, Cy decreases with increasing ζ, which is expected since the sufficient development 

of inelastic deformation leads to the lower demand in terms of the yield strength of a 

system. As for the effect of α, it produces a more evident effect on systems with large ζ in 

the relatively short period region. Compared with the corresponding EP system, systems of 

significant α also show the lower demand of Vy1 for structures from the short period to 
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moderately long period regions (T<1~1.5 s). 

Fig. 7 presents representative mean cumulative ductility (μa) spectra considering 

different shapes of DCC. For EP systems (α=0), μa almost keeps constant irrespective of 

the variation of period. In contrast, for systems employing a DCC, larger ζ and α lead to a 

significant increase of μa, which is more drastic when the period is below 2 s. 

From these analyses results, it can also be observed that the employment of a DCC of 

significant α reduces the dependency of γdc on site conditions. Comparatively, this 

tendency is not remarkable for μa as it shows dependency on site conditions for both EP 

SDOF systems and the counterparts with a DCC of significant α. However, for different 

site conditions, the difference of μa of systems ranging from short period to moderately 

long period regions (T<1~1.5 s) with a significant α and ζ becomes more remarkable. The 

evidence supporting this phenomenon can be extracted by comparing demand indices of 

different ground motion ensembles, and the typical results are plotted in Fig. 8 and Fig. 9. 

In particular, for a system with a DCC of significant post-yielding stiffness ratio, taking 

α=0.7 as an example, the difference between energy factors under various ground motion 

ensembles is not as evident as that between EP systems. Comparatively, the cumulative 

ductility of both EP systems and the counterparts with a DCC is sensitive to site conditions, 

as indicated by the distinct differences of this quantity under various ground motion 

ensembles, and the difference will be amplified for systems with a DCC from short period 

to moderately long period regions. These results also reinforce the necessity to account for 

the dual energy demand indices considering both peak response and cumulative response 

simultaneously.  
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For practical applications, regression analyses (see Appendix A) are performed to relate 

the mean energy demand indices with structural properties, which can be used to estimate 

the mean demand considering these site conditions. Even though the rationality of these 

analyses results are conditioned on the ability of the SAC ground motions to suitably 

represent site soil conditions, site seismicity, and fault effects, the required demand indices 

in practical cases can be generated from any potential ground motion using the proposed 

algorithm without complicated computation efforts. 

3.3. Dispersion of demand indices 

For the energy factor, the dispersion spectra composed of coefficients of variation 

(COV), the ratio of the standard deviation to the mean values are generated. Representative 

results are shown in Fig. 10. With ζ increasing, the dispersion increases while the 

enhancement of the post-yielding stiffness ratio can favorably eliminate this effect. When 

α is adequately large, the COV is relatively small and almost keeps constant regardless of 

the variation of the period. Fig. 11 presents the representative dispersion spectra regarding 

the cumulative ductility. Compared with results of the energy factor, the dependency of the 

COV of μa on the shape of DCC is more erratic, except for the cases of near-fault ground 

motions, and there is not an indication that the increasing of α produces μa with reduced 

dispersion. These results show that the employment of a DCC may favorably eliminate the 

dispersion regarding the peak response as indicated by the COV of the energy factor, but 

the dispersion regarding the cumulative effect should be considered carefully. In this 

respect, although both energy factor and cumulative ductility are critical indices for 

quantifying the seismic demand, the energy factor serves as a more instructive index 
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considering the dispersion, and the necessity of applying the dual energy demand indices is 

demonstrated again. Essentially, if the fuse elements in a system do have redundant energy 

dissipation capacity to sustain all cumulative damages, a DCC of significant post-yielding 

stiffness ratio is then more preferable since the uncertainty of the peak response related to 

primary system damages can be reduced. 

4. Dual-energy-demand-indices-based (DEB) damage-control evaluation procedure  

For low-to-medium rise frame structures dominated by racking deformations under 

ground motions, although the structures behave as multi-degree-of-freedom (MDOF) 

systems, the behavior can be evaluated with the equivalent SDOF systems considering the 

fundamental vibration mode reasonably [13-15], and the dynamic behavior of the SDOF 

system can be used for quantifying the response of the entire system. Thus, the 

damage-control behavior can be evaluated using the dual energy demand indices 

determined from the corresponding SDOF systems. Specifically, for the peak response of 

the system, the energy balance can be evaluated with the nominal energy demand and 

capacity with the focus of the energy factor, and the potential damages of the primary 

system can be identified. Subsequently, the cumulative effect of the system can be 

assessed using the cumulative ductility index. Therefore, a stepwise procedure defined as 

dual-energy-demand-indices-based (DEB) damage-control evaluation procedure, which 

can be used to evaluate and optimize a design strategy is established in this research and 

presented as follows: 

Step 1: Calculate the elastic vibration properties of the system considering the 

fundamental mode (period, effective mass, the participation factor).  
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Step 2: Perform a pushover analysis and develop nominal energy capacity curves with an 

incremental approach as proposed in [24, 44]. At its core, a system is firstly transformed to 

an energy-based SDOF (Fig. 12) system by developing the base shear versus the 

energy-based displacement (ue) curves and the base shear versus the sequence factor 

curves. In particular, the invariant lateral load distribution is first assumed and given as 

= 1S mφ                                  (6) 

where S and m are the lateral load distribution vector and the mass matrix, respectively; φ1 

is the modal vector of the fundamental mode. As mentioned before, for low-to-medium 

rise MDOF systems dominated by racking deformations under ground motions, applying 

the equivalent SDOF system considering the fundamental mode can still lead to reasonable 

estimates and the rationale was validated by relevant research works [15,17,44]. 

Recognizing that the external work done by the lateral loads is identical to the absorbed 

energy of the system, which is governed by the energy equilibrium principle, the 

energy-based displacement (ue) is quantified, which can be interpreted graphically by the 

covered area of the pushover curve, as given in Fig. 12(b). In the elastic domain, ue can be 

directly determined with the base shear Vb [24,44] considering the linear behavior of the 

system. More generally, for both the elastic and the inelastic domain, since the energy 

equilibrium principle always holds, the work done by Vb in a differential displacement δue 

is necessarily equal to the work done by the lateral force in the correspondingly. Then, the 

nominal energy capacity versus sequence factor curve can be constructed. This step can be 

accomplished by Eq. (7)~(12).  

1 11 ( ) ( )
2

m m m m mWδ − −= + ⋅ −S S U U                  (7) 
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where U is the lateral displacement vector, corresponding to the displacement profile of 

stories; δWm is the incremental external work identical to the absorbed energy of the 

system at the mth step; δuem is the incremental energy-based displacement at mth step; uey 

is the equivalent energy-based yield displacement corresponding to inception of yielding 

of fuses, which can be accomplished by applying the bilinear idealization following the 

FEMA 273 [10] based on the capacity curves to the resilience threshold (Fig. 12(c)). Note 

that after the construction of the nominal energy capacity curves, the resilience threshold 

(ζT) should be identified (Fig. 12(c)).  

Step 3: Confirm the shape of DCC based on the base shear versus energy-based 

displacement curves determined from Step 2. Again, for the idealized curve, the quantified 

yield force and the yield displacement are equivalent features since the actual system will 

yield progressively, but this simplification can produce results with satisfactory accuracy 

and computation efficiency for quantifying structural seismic response [8,34]. Then, the 

confirmed base shear corresponding to the yielding of fuses can be substituted into the Vy1 

of the equivalent SDOF system. 

Step 4: After obtaining the parameters of the DCC (α, ζ, ζT), compute the energy demand 
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indices following the framework in Fig. 4. It is noted that during analyses of identifying 

the demand indices, various values of ζ should be employed as it is an essential feature for 

constructing the demand curves (Step 5). Comparatively, as a quantity identifying the 

resilience threshold, ζT denotes the capacity of the system, which can be utilized to make 

the damage-control behavior check (Step 6). In this step, potential ground motions should 

be identified first, and the regressed equation (Eq. (A.1)~(A.3)) in Appendix A can also be 

used to estimate the mean values for systems with damping ratio of 5%.  

Step 5: Develop the nominal energy demand curves associated with the sequence factor 

considering the index of the energy factor and the elastic spectral pseudo-velocity (Sv) of 

ground motions (Fig. 13). In particular, the demand curve can be generated by plotting the 

value of Ea determined by Eq. (2) against ζ. 

Step 6: Make the damage-control behavior check (Fig. 13). When an intersection point of 

the demand curve (Step 5) and the capacity curve (Step 2) is obtained below the defined 

resilience threshold, the nominal energy balance can be achieved, indicating that the 

primary system will stay damage-free, and the procedure can be conducted considering the 

next step. Otherwise, the inception of damages in the primary systems is expected, 

implying that the adjustment of the DCC is needed, which can be achieved by modifying 

the structural design strategy such as strengthening the primary system or weakening the 

fuses.  

Step 7: Calculate the plastic energy with the extracted cumulative ductility demand index 

solved in Step 4 and Eq. (5), based on the premise that the peak response of the system is 

below the resilience threshold (controlled by Step 6). Therefore, the plastic energy demand 
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of the entire system is determined. Note that the intersection point extracted in Step 6 

should be used to quantify the corresponding sequence factor, based on which the 

cumulative ductility is computed for each ground motion.  

Step 8: Distribute the plastic energy in stories by applying a refined energy profile method 

[26, 31]. Specifically, since only the fundamental vibration mode is considered, the plastic 

energy absorbed by a story to the total dissipated plastic energy ratio under a ground 

motion is assumed to be identical to that when the system is pushed to the peak 

deformation under the lateral loads of Eq. (6), and the absorbed energy at each story is 

calculated considering the moment-curvature response of all members under the pushover 

analysis. Since the previous steps with the energy factor are able to quantify the peak 

response of the system by the intersection point of the demand curve and the capacity 

curve [24], the energy profile can be determined associated with the pushover database, as 

illustrated in Fig. 14. Again, it is necessary to point out that the applicability of this 

simplification is limited to low-to-medium rise structures in which the lateral response is 

dominated by racking deformations with a minimum effect induced by higher vibration 

modes. This simplification would lead to biased estimates of the energy profile if the higher 

vibration modes have a significant effect on the structural seismic response of the structure.  

Step 9: Check the cumulative effect in each story associated with the available data of fuse 

elements energy dissipation capacity database. Even though the available information on 

the energy dissipation capacity of fuse elements requires specialized investigations [28], 

the demand has been clarified by the plastic energy dissipation demand determined by step 

8.  



 21 

Therefore, by performing the DEB procedure, both the peak demand and cumulative 

demand of the system are considered. The framework of DEB procedure is illustrated in 

Fig. 15. Since the two energy demand indices can be implemented in a stepwise procedure 

with the focus on the peak response and the cumulative response, respectively, the 

efficiency of an energy-based procedure is enhanced with more flexibility (i.e. In cases 

where the cumulative effect is not significant, the energy factor will suffice for the 

evaluation.)  

5. Application of the energy demand indices in damage-control evaluation 

To illustrate the application and advantages of the DEB procedure, two 6-story 

damage-control steel MRF systems with fuse beams, which can be regarded as practical 

applications of the experimental specimen in Section 2 are designed. The member section 

information about the two systems is plotted in Fig. 16. The fuse beams are arranged in the 

external bays. The plastic flexural strengths of the fuse beams are also shown in the figure, 

and the reduction of strength of fuse beams can be realized by applying low yield point 

steel [45-47] or reduced sections. For frame A, the primary system is designed with high 

strength steel [48-50] of a yield strength of 460 MPa. For frame B, the beams of the 

primary system are assumed to have a yield strength of 390 MPa while the columns are 

designed with high strength steel of a yield strength of 460 MPa. The structures are 

preliminarily designed according to the Chinese seismic code [51]. A dead load of 4.8 

kN/m2 and a live load of 2 kN/m2 are assumed. The basic acceleration is assumed to be 0.4 

g. The systems are modeled with ABAQUS using B21 elements. It should be noted that a 

damping ratio ranging from 2% to 5% is generally used for design of steel structures, and a 
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larger value can be used to rationally account for the damping effect of non-structural 

elements. Thus, the Rayleigh damping of 5% is assumed for the first two vibration modes 

in this study, which is also used in previous research works [15, 22-23, 26, 33]. However, 

as the core of the DEB procedure lies in applying equivalent SDOF systems to quantifying 

the dual-energy-based-demand indices of structural systems, the rationale of the procedure 

does not depend on the value of damping ratio used in the prototype structures, and 

engineers could use various damping ratios in practical cases. The bilinear behavior of 2% 

hardening ratio for all members is assumed. For the purpose of demonstration, ground 

motions considering the stiff soil of Los Angeles (LA01~LA20) are assumed as potential 

earthquakes. 

Step 1: The vibration properties considering the fundamental vibration mode of the 

prototype structures are calculated and the results are given in Table 1. 

Step 2~3: After the fundamental mode pushover analysis considering the gravity load, 

the base shear-sequence factor curves and the nominal energy capacity-sequence factor 

curves are developed. For the prototype structures, the resilience threshold is considered as 

the point corresponding to the initiation of yielding in the primary system, which can also 

be identified according to the pushover database. Therefore, the shape of the DCC of 

frame A is confirmed with α=0.60 and ζT=3.6, and the counterparts for frame B is α =0.61 

and ζT=3.1. 

Step 4: The corresponding γdc and μa considering the fundamental vibration mode of the 

two systems are plotted against the sequence factor (ζ) as shown in Fig. 17 and Fig. 18, 

respectively. The results determined by the regression equations (Eq. (A.1)~(A.3)) in 
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Appendix A are also identified in the curves, demonstrating the satisfactory accuracy of 

these equations for predicting the mean value of γdc and μa. In addition, to clarify the effect 

of DCC, EP systems having the identical period to the systems with a DCC are also 

analyzed and presented in the figures. The evident difference induced by different models 

validates the necessity of an explicit consideration of the DCC in an energy-based 

procedure. 

Step 5~6: The damage-control check is performed based on the identification of energy 

balance with the nominal capacity curves and the demand curves, as illustrated in Fig. 19(a) 

and Fig. 19(b) for frame A and frame B, respectively. According to the results, it is 

predicted that for frame A subject to the ground motion ensemble, there would be inelastic 

deformations in the primary system in cases of LA09, LA10, LA11, LA13, LA14, LA15, 

LA16, LA17, LA18, and LA20, since intersection points of the nominal capacity curve and 

the demand curves are above the resilience threshold. Likewise, it is expected that in cases 

of LA03, LA09, LA11, LA14, LA15, LA16, LA17, LA18, and LA20, frame B reaches the 

stage in which the primary system starts to yield. To validate the accuracy of the prediction, 

the results of the two frames in terms of plastic energy dissipated by the primary system 

during ground motions computed by NL-RHA are also presented in Fig. 19(a) and Fig. 

19(b). The satisfactory accuracy of the prediction considering the plastification of the 

primary system subject to ground motions demonstrates the effectiveness of the procedure 

and the demand indices.  

Step 7~8: For cases in which the structure can sustain damages in the fuse beams, the 

results of the cumulative ductility of frame A and frame B are extracted from the results 



 24 

shown in Fig. 18(a) and Fig. 18(b) based on the sequence factor denoted by the 

intersection points in Fig. 19. Subsequently, the plastic energy demand can be confirmed 

based on the equivalent SDOF system following Eq. (5). Then, the energy profiles can be 

determined associated with the pushover database. For frame A and frame B, the results 

considering the plastic energy distribution determined by the DEB procedure and NL-RHA 

are illustrated in Fig. 20(a) and Fig. 20(b), respectively, and the satisfactory accuracy of 

the DEB procedure for predicting the plastic energy distribution is validated. 

Therefore, by performing the DEB procedure with the energy factor and the cumulative 

ductility demand, the damage-control behavior of a low-to-medium rise frame structure 

with energy dissipation fuses can be evaluated considering both peak response and 

cumulative effect, which is significant for identification of damages in both fuses and the 

primary system. 

 

6. Conclusions 

The energy factor and the cumulative ductility are used as the basic demand indices to 

establish an evaluation procedure considering damage-control frame structures with energy 

dissipation fuses. This paper firstly investigates the energy demand indices of the systems 

equipped with energy dissipation fuses below the resilience threshold based on a 

parametric study of single-degree-of-freedom (SDOF) systems, considering both the peak 

response and the cumulative response. Based on these indices, a stepwise 

energy-balance-concept-based evaluation procedure defined as 

dual-energy-demand-indices-based (DEB) procedure is proposed. The main findings of 
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this research are listed as follows: 

1. Both the energy factor and the cumulative ductility of systems with fuses are 

significantly different from elasto-plastic (EP) systems or bilinear systems of 

negligible post-yielding stiffness ratio. These indices are dependent on 

damage-control core shapes, structural period, and ground motion properties. These 

indices can be calculated following the procedure using a validated algorithm with 

provided ground motions.  

2. The results of the parametric study indicate that the employment of a 

damage-control core of considerable post-yielding stiffness ratio can eliminate the 

dependency of the energy factor on ground motions properties and reduce the 

dispersion denoting the peak response demand, but it this tendency is not shown by 

the cumulative ductility, and the corresponding dispersion under ground motions is 

erratic. These phenomena reinforce the necessity to account for the dual energy 

demand indices in an energy-based procedure.  

3. By following the DEB procedure, the peak response demand, cumulative energy 

demand, and the plastic energy distribution of systems below the resilience threshold 

under the expected ground motions can be evaluated accurately, without the 

necessity of performing a nonlinear response history analysis of the entire structure. 

In addition, the efficiency of an energy-based procedure is also enhanced with more 

flexibility considering the dual indices separately in a stepwise procedure. However, 

since the rationale of the DEB procedure lies in the accuracy of utilizing the 

equivalent single-degree-of-freedom (SDOF) system of the fundamental vibration 
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mode to represent the dynamic behavior of the entire structure, the procedure only 

applies to low-to-medium rise structures in which the lateral response is dominated 

by racking deformations (e.g. frame structures) and the effect of higher vibration 

modes can be neglected. 

The complete validation of the procedure still requires the energy dissipation capacity 

quantification, especially the ability of fuse elements to sustain the cumulative damages. 

Currently, research works considering the database establishment of various fuse elements 

base on experimental studies are in progress. In addition, the enhancement of the approach 

considering the effect of higher modes is also ongoing, which can provide a more 

comprehensive insight into the DEB procedure for engineering applications.  

 

Appendix A  

To quantify the effect of the DCC on the mean energy demand indices and to provide 

references for practical applications, regression analyses are performed. Two sets of 

regression relationships are developed: (1) the relationship of the energy factor and the 

parameters of the DCC, and (2) the relationship of the cumulative ductility and the 

parameters of the DCC. These relationships can be used to evaluate the energy demand 

indices for systems with fuses below the resilience threshold reasonably. 

Nonlinear regression analyses are conducted to describe the mean value of γdc. The form 

of the regression equations is given as  
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where a, b, c and d are the regression coefficients; T is the period. The form of regression 

equation is based on the energy balance of systems and a previous study proposed by 

Hatzigeorgiou [6] focusing on the relationship between the ductility and the strength 

reduction factor. Since the energy factor could also be expressed by the ductility and 

strength reduction factor [15], they are applied to construct the regressed equation. Table 

A1 shows the regression coefficients developed based on NL-RHA of SDOF systems with 

various nonlinear parameters. Comparisons between the mean energy factors and regression 

results are given in Fig. A1. As can be seen, the regression model provides a reasonably 

good fit to the mean spectra. 

To quantify the relationship of mean cumulative ductility with the parameters of the 

DCC, nonlinear regression analyses are performed. As the parametric study addressed in 

Section 3 indicates that μa is also dependent on the period, it is considered in the regression. 

In this research, the regression equation is developed by modifying the results proposed by 

Farrow and Kurama [3] and given by  

 a ( 1)Kfµ ζ= −                                   (A.2) 

1

g

g
T hK

TT
= +

+
                                   (A.3) 

where f, g and h are the regression coefficients. Table A2 shows the regression coefficients 

corresponding to different post-yielding stiffness ratios. Fig. A2 compares the results 

calculated by the regression equations and the mean demands determined from NL-RHA 

of SDOF systems. 
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