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Abstract:

A noteworthy feature of the hybrid steel moment resisting frames (MRFs) with energy 
dissipation bays (EDBs) is the damage-control behaviour characterised by concentration of 
plastic damages in the energy dissipation bay (EDB) under earthquakes. This paper 
presents a design methodology for conducting the damage-control design of hybrid steel 
MRFs with EDBs. First, the structural damage-control behaviour quantified by the 
classical bilinear kinematic hysteretic model with significant post-yielding stiffness ratio is 
clarified utilising the test results extracted from a large-scale quasi-static test programme. 
Then, based on the seismic energy balance of single-degree-of-freedom systems 
incorporating significant post-yielding stiffness ratios, the design philosophy and 
governing energy balance equations featuring the damage-control behaviour of low-to-
medium rise hybrid steel MRFs with EDBs under earthquake ground motions are 
presented. Subsequently, a stepwise design procedure that can be used to search for a 
design strategy of a hybrid steel MRF with EDBs under expected ground motions is 
developed. Three low-to-medium rise prototype structures are designed by the proposed 
methodology, and the seismic responses of the systems are evaluated by pushover analyses 
and nonlinear response history analyses based on numerical models validated by the test 
results. The results indicate that all the prototype hybrid steel MRFs with EDBs can 
achieve the damage-control behaviour with the prescribed drift threshold, and hence the 
post-earthquake residual deformations are also mitigated. Since the proposed method is a 
direct-iterative design procedure, it also retains practical attractiveness and will greatly 
facilitate the seismic design of hybrid steel MRFs with EDBs.  
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1. Introduction

Although ductility-based seismic design philosophy enables designers to develop 

seismic resistant structures with a ductile manner under expected earthquakes, it would 

result in excessive exploitation of plastic energy dissipation of structural members. 

Consequently, significant post-earthquake residual deformations may be developed and 

hence lead to long occupancy suspension for repairing works or even complete demolition 

of the structure, as shown by recent earthquake events and seismic loss estimations. For 

steel moment resisting frame (MRF) structures which are widely used in seismic regions 

and have long been recognised as effective seismic resistant structures, recent research 

findings [1] indicate that a steel MRF designed according to the ASCE 7-05 standard 

would have a high potential of being a total economic loss even after a design-level 

earthquake ground motion due to unacceptable post-earthquake residual deformations. 

Driven by a growing appeal for resilient seismic engineering [2, 3] and more sustainable 

seismic resistant structures, the conventional design methodologies for steel MRFs may 

need to be reviewed, and the idea of enhancing the seismic performance of steel MRFs 

with preferable nonlinear behaviour and controllable post-earthquake residual deformation 

after an earthquake event is currently pursued by research communities. 

In parallel with newly emerged innovative structures such as self-centring steel MRFs 

[4-7], a promising alternative for enhancing seismic performance of steel MRFs is to 

incorporate the damage-control behaviour [8-10] that restricts inelastic deformations to 

occur within expected structural components in a wide deformation range to minimise 

post-earthquake repairing works. Therefore, damage-control steel MRFs with prescribed 
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energy dissipation mechanisms that can be readily repaired, which also retain practical 

attractiveness, are very much desirable. Apart from strategies that utilise supplementary 

energy dissipation devices [11-14] to realise the damage-control behaviour, a compact 

solution is to extend the dual-steel-based [15-17] or the hybrid-steel-based [18, 19] concept 

to steel MRFs. In particular, applying members of various steel grades in a steel MRF can 

lead to ideal damage evolution modes and expected yielding sequences under seismic 

actions, and thus facilitate plastic damage concentration in target members to achieve the 

damage-control behaviour. For instance, Charney and Atlayan [18] developed the concept 

of hybrid steel MRF composed of steel frame members with various steel grades, and the 

satisfactory damage-control behaviour of the systems was validated by analyses of 

prototype structures. Tenchini et al. [16] initiated an investigation on the seismic response 

of dual-steel MRFs composed of high strength steel (HSS) and mild carbon steel members, 

and the satisfactory damage evolution mode of the prototype structures was also observed. 

Recently, Ke and Chen [8] proposed a hybrid steel MRF constructed by a HSS main frame 

and energy dissipation bays (EDBs) equipped with sacrificial energy dissipation beams. 

Under seismic actions, yielding of the sacrificial energy dissipation beams of mild carbon 

steel in the EDBs would be triggered before damage inception of the main frame, and the 

EDBs can be the primary source ofproduce plastic energy dissipation in the “damage-

control stage”. When the system responds in this stage, the elastic HSS main frame can 

also provide significant recentring force, and thus lead to yielding of the EDBs during 

unloading and pull the structure back close to the original position [8]. Therefore, the post-

earthquake residual deformation of a hybrid steel MRF with EDBs is also reduced 
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compared with a conventional steel MRF. The sound seismic performance and 

encouraging failure mode of the hybrid steel MRF with EDBs have been demonstrated by 

a large-scale quasi-static experiment [8].

Owing to the yielding sequence of members in a hybrid steel MRF with EDBs under an 

earthquake event, the damage-control behaviour will restrict inelastic damages within pre-

selected members in a wide deformation range. When the system deforms beyond the 

damage-control stage, inelastic actions of all members will contribute to plastic energy 

dissipation for balancing the demand of extreme seismic event. From the perspective of 

response curve of the hybrid steel MRF with EDBs under seismic actions, i.e. base shear 

versus lateral displacement response, multiple yielding stages [8, 20] of the hybrid steel 

MRFs with EDBs will result in hysteretic behaviour transformation, which is a critical 

issue in seismic design. Thus, explicit consideration of the damage-control stage of the 

system is a fundamental element for developing a full-fledged performance-based seismic 

design framework for the hybrid steel MRF with EDBs. However, the commonly used 

seismic design methodologies, which normally focus on the ultimate state of a structure 

concerning the life-safety objective, were mostly developed based on elastic-perfectly 

plastic (EPP) models, and hence may not be applicable for quantifying the damage-control 

behaviour of a hybrid steel MRF with EDBs described by the bilinear kinematic hysteretic 

model with significant post-yielding stiffness ratio [8]. In this context, even though it is in 

a preliminary design phase, performing a nonlinear response history analysis (NL-RHA) 

under expected ground motions may be required to obtain a design strategy, hence 

complicating the seismic design of a hybrid steel MRF with EDBs greatly.
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The present study is a continuation of the previous experimental programme [8] towards 

a more in-depth understanding of the seismic resistance mechanism of the hybrid steel 

MRF with EDBs. The results of the study also and contributes towards a practical design 

framework for quantifying the structural damage-control behaviour of the hybrid steel 

MRF with EDBs under expected earthquake ground motions. The proposed design method 

is based on the modified energy balance concept [21, 22]. First, based on the 

experimentally validated hysteretic model that quantifies the nonlinear behaviour of the 

hybrid steel MRF with EDBs in the damage-control stage, the fundamental principles of 

the methodology are clarified and the governing energy balance equations of low-to-

medium rise hybrid steel MRFs with EDBs are deduced utilising the single-degree-of-

freedom (SDOF) analogy. Subsequently, a stepwise damage-control design procedure of 

hybrid steel MRFs with EDBs, which is based on the concept of recently expanded 

performance-based plastic design (PBPD) methodology [23-30], is presented in detail. The 

proposed procedure is then applied to designing prototype structures of hybrid steel MRF 

with EDBs, and the effectiveness of the procedure for explicitly accounting for the 

damage-control behaviour of the novel system hybrid steel MRF with EDBs is justified by 

pushover evaluations and NL-RHA of numerical models of the designed systems under an 

ensemble of earthquake ground motions. 

2. Seismic behaviour of hybrid steel MRFs with EDBs

The concept of the hybrid steel MRF with EDBs is shown in Fig. 1a. To trigger the 

early yielding behaviour of the EDBs, the sacrificial beams in the EDBs should be 
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designed with relatively higher lateral stiffness but lower strength compared to the 

members in the main frame. At its core, applying the hybrid-steel-based concept in a steel 

MRF is a promising solution for decoupling the inherent interdependence between 

stiffness and strength of structural members, i.e., beams and columns in the structure, 

which generally initiate inelastic actions in rapid succession under earthquake events. A 

rational combination of the sacrificial energy dissipation beams in the EDBs and structural 

members with higher steel grades in the main frame can produce a damage-control stage in 

the pushover curve or skeleton response under seismic actions. , leading to restriction of 

inelastic actions in the EDBs (Fig. 1b). Thus, the cyclic response quantified by the 

classical bilinear kinematic model incorporating significant post-yielding stiffness ratio 

(Fig. 1b) can be extracted from the pushover curve or the skeleton response, which was 

also found to be effective for mitigating seismic residual deformation under earthquake 

events [31]. 

To provide test evidence for the proposed structural concept, a proof-of-concept study 

[8] has been recently accomplished utilising a large-scale quasi-static test programme of a 

hybrid steel MRF with EDB. In particular, the EDB with the sacrificial energy dissipation 

beams with reduced beam section (RBS) were combined with the HSS main frame. Core 

details of the test programme including the specimen and the test setup, are reproduced in 

Fig. 2a and Fig. 2b, respectively. The information about the beam members and column 

members is reproduced in Table 1 along with the actual material properties extracted from 

coupon tests. To clarify the damage-control behaviour, the storey shear of the second floor 

(V2) of the specimen is plotted against the corresponding inter-storey drift (θ2) and 
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compared with the multi-linear idealisation [8] in different yielding stages, as shown in 

Fig. 2c. As can be seen in the figure, a desirable “damage-control core” described by the 

bilinear kinematic model with a significant post-yielding stiffness ratio can be extracted 

from the cyclic response when the specimen responded in the damage-control stage. 

According to strain readings from strain gauges mounted on the specimen, the sacrificial 

energy dissipation beams in the EDB dissipated plastic energy stably and the main frame 

of HSS generally stayed elastic in this stagewhen the specimen responded in the damage-

control core. In addition, It is worth pointing out that the specimen also exhibited 

unexpectedly excellent ductile performance when it was loaded to significant deformations 

beyond the damage-control stage, and the failure mode of the specimen after the load cycle 

with the maximum inter-storey drift amplitude of 8% is also shown in Fig. 2d. More 

details of the test programme can be found in [8]. 

3. Design philosophy of the proposed procedure

3.1. Objectives and scopes 

Responding to the demand of resilient seismic engineering and more sustainable seismic 

resistant systems, a design strategy of a hybrid steel MRF with EDBs achieving damage-

control behaviour under expected earthquake ground motions is in urgent need. TThe core 

of the present study is to develop a practical design procedure for low-to-medium rise 

hybrid steel MRFs with EDBs achieving damage-control behaviour under expected 

earthquake ground motions. The method follows the fundamental philosophy of the 

recently developed performance-based plastic design (PBPD) methodology [23-30] 
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associated with the modified energy balance concept [21, 22]. Recognising that the 

hysteretic characteristics of the force-displacement response also imposes an appreciable 

effect on influence the seismic energy balance [20, 32] of a hybrid steel MRF with EDBs, 

an equivalent single-degree-of-freedom (SDOF) system with the bilinear kinematic 

hysteretic model incorporating significant post-yielding stiffness ratio is utilised to 

characterise the damage-control behaviour when developing the procedure of the hybrid 

steel MRF with EDBs. Notwithstanding the desirable ductile performance as observed in 

the test, it should be noted that ductility of steel generally decreases with increasing of 

yield strength, and hence the inelastic deformation capacity of the main frame constructed 

by HSS is compromised. Therefore, in the current research, EDBs are designed as the 

primary source of plastic energy dissipation, whereas the main frame is designed to 

respond elastically under design-level earthquake attacks, and a rigorous capacity design 

criterion will be specified. Special care should be made when exploiting the inelastic 

energy dissipation of the main frame, which is not within the scope of this study. In this 

context, the developed procedure is primarily employed to quantify the behaviour of a 

hybrid steel MRF with EDBs in the damage-control stage, while the performance of the 

system in the ultimate state where all members initiate inelastic deformations is not within 

the scope of this study.

3.2. Underlying assumptions

The underlying assumptions , which could influence the accuracy of the proposed 

design procedure, are clarified as follows: (1) a low-to-medium rise hybrid steel MRF with 
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EDBs can be reduced to an equivalent SDOF system with the mass of the entire structure 

and dynamic properties (e.g. period and damping) of the fundamental vibration mode [21-

30]; (2) The seismic action of earthquake ground motions can be simplified with invariant 

lateral load distributions [24-27, 33, 34]; (3) In the design phase, the maximum 

displacement profile of the system follows a linear pattern, resulting in a uniform drift 

distribution [24-27]; (4) The nonlinear structural pushover curve or skeleton curve can be 

simplified with multi-linear idealisation [8]; (5) The inflexion points are located at the 

centre of the beams and columns for estimating the yield drifts [35-37]; (6) The system 

will eventually develop the global yielding mechanism without soft storey failure, and 

plastic hinges will be triggered at beam ends and column bases [24-27] and (7) The P-Δ 

effect induced by the gravity load will not impose an appreciable influence on the 

pushover response of a hybrid steel MRF with EDBs in the damage-control stage, and 

hence can be neglected in the design phase [24-27]. It is worth pointing out that these 

assumptions have been successfully extended applied to seismic design and evaluation 

procedures in various structures in the literature (The related references are indicated after 

the corresponding assumptions stated above), and the viability of applying them in the 

hybrid steel MRF with EDBs will be strengthened through validations in later sections.

3.3. Energy balance and the nominal plastic energy demand in the damage-control stage

Based on the first assumption stated in Section 3.2, the behaviour of a low-to-medium 

rise hybrid steel MRF with EDBs can be described by an equivalent SDOF system, and 

hence the seismic energy balance of the entire structure can also be quantified by the 

energy balance that of the equivalent SDOF system integrated with the dynamic properties 
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of the fundamental vibration mode. In particular, the modified energy balance equation of 

an SDOF system [21] is reproduced and given as 

2
a e v e p

1( )
2

E MS E Eγ= = +                                (1)

where Ea= nominal absorbed energy of the SDOF system quantified by the covered area of 

the pushover curve; γe= energy factor; M= mass of the SDOF system; Ee= elastic energy; 

Ep= nominal plastic energy and Sv= pseudo-velocity. To characterise the damage-control 

stage of a low-to-medium rise hybrid steel MRF with EDBs, a bilinear SDOF system 

incorporating significant post-yielding stiffness ratio (α) [20] can be used. The energy 

factor of the SDOF system, which prescribes the nominal seismic energy demand of the 

hybrid steel MRF with EDBs under seismic actions can be derived and related with the 

nonlinear quantities of the entire structure, as shown in Fig. 3a. This index is given as:
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where Eae= absorbed energy of the corresponding elastic SDOF system featuring the 

behaviour of the hybrid steel MRF with EDBs responding elastically; ζ= ratio of the 

overall yield drift of the main frame to the overall yield drift of the EDBs; Vye = base shear 

corresponding to inception of yielding of the EDBs; Ve = maximum base shear of the 

corresponding elastic hybrid steel MRF with EDBs; χ= damage-control factor. Although χ 

is dependent on the interactions among the hysteretic parameters (α and ζ), the dynamic 

properties of the system and the ground motion characteristics, and it can be generated 
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directly using the recently developed algorithm for computing the energy factor of SDOF 

systems [20, 32]. To facilitate the design, based on the classical inelastic spectra proposed 

by Newmark and Hall [38], a set of design equations was also developed [39] for 

estimating χ, which are given as follows:
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where T1= 0.57s and e'
1 1

e
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(   )RT T

R

ζ
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−
= . The detail of the derivation of the developed 

design equations can be found in [39].

Considering the assumption that a low-to-medium rise structure can be idealised by a 

SDOF system Accepting the first assumption in Section 3.2, the absorbed nominal plastic 

energy (Ep) by the equivalent SDOF system in the damage-control stage is identical to the 

sum of nominal plastic energy dissipated by the EDBs. In particular, according to the 

original definition of the seismic energy balance equation of a SDOF system [21], Ep is the 

plastic energy covered by the pushover (skeleton) response by deducing the elastic energy 

(Ee) from Ea when the system reaches the maximum deformation. For a hybrid steel MRF 

with EDBs in the damage-control stage, as the main frame stay elastic and produce no 

plastic energy dissipation, Ep can be determined by deducing the elastic energy absorbed 

by the main frame and the elastic energy of EDBs in the elastic range, as schematically 



12

indicated in Fig. 3b. Therefore, the term of nominal plastic energy (Ep) which is expected 

to be dissipated by the sacrificial energy dissipation beams in the EDBs can be determined 

and given by

2
2 2
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= =                        (7)

where Sa = pseudo-acceleration coefficient; W= the seismic weight of the entire structure 

and g= gravitational acceleration and η= the ratio of the nominal plastic energy (Ep) to the 

nominal absorbed energy (Ea) below the damage-control threshold (Fig. 3b), which can be 

determined as follows:
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3.4. Design of the EDBs and the main frame

The lateral load distribution pattern developed by Chao et al. [34], which has been 

successfully extended to seismic design of various systems [23-30], is utilised in this study 

and reproduced as follows:
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where the Fi= lateral force in the ith floor; Cvi= shear factor; βi= distribution factor at ith  

floor; Vb= base shear force; wN= the seismic weight at the top floor; wi= the seismic weight 
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at the ith floor; SN= height of the top floor measured from the ground level and Si= height 

of the ith floor measured from the ground level.

Assuming that the plastic moment capacity of the EDBs follows the lateral load 

distribution pattern, the demand plastic moment of the EDBs (the sum) in the ith floor of 

the structure can be determined based on the energy balance principle, and given by   

              (12)
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where = sum of the plastic moment demand of the sacrificial energy dissipation pe,iM∑

beams in the EDBs of the ithe floor and θye= overall yield drift of the EDBs. Thus, the 

overall yield drift of the main frame (θyf) is determined by ζθye.

To facilitate the design process, the hysteretic parameters (α and ζ) of the SDOF system 

should be related to the member parameters, i.e. sectional properties, dimensions, and 

material properties. Thus, to associate the yield drift with the member parameters, the 

classical method developed by Gupta and Krawinkler [35], which has been utilised 

extensively [36, 37] is used to estimate the yield drift of the EDBs in the ith floor, and the 

equation is given by 
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where Mpe,i= plastic moment capacity of the sacrificial energy dissipation beam of the 

EDB in the ith floor; le, i= distance between the columns centreline of the EDBs; 

Ie,i=moment of inertia of the beams in the EDBs; Ic,i= moment of inertia of the columns; 

hi= height of the floor and E= elastic modulus of the material. Similarly, the yield drift of 
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the main frame of the ith floor (θyf, i) is determined by 

pb, m, pb,
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θ = +                               (14)

where Mpb,i= plastic moment capacity of the beam used in the main frame in the ith floor; 

lm,i= distance between the columns centreline of the main frame and Ib,i= moment of inertia 

of the beams in the main frame. To reach an optimised design, the yield drift of the EDBs 

(θye,i) and that of the main frame (θyf,i) for all floors should approach the corresponding 

overall drifts. Thus, in a multi-storey structure (N storeys in total), the overall yield drift of 

the EDBs (θye) and the main frame (θyf) can be estimated considering average values for all 

floors, given as follows:
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Based on the work-energy principle [22] that the work done by external forces (lateral 

load distribution) is stored as elastic energy in the system before the system yields, the 

corresponding base shear Vye can be deduced from the following equation:

                      (17)
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where δye,i= the lateral displacement of the ith floor under the lateral load distribution when 

the base shear (Vb) determined by Equation (9)-(11) reaches Vye. Therefore, accepting the 

third assumption in Section 3.2, the lateral displacement of floors can be related with 

storey drifts, and Vye can be derived and given as follows:
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On the other hand, when the main frame initiates inelastic deformation and results in 

expected global mechanism, force equilibrium equation can be established by 
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where = sum of plastic moment capacity of the column bases. Substituting pc,1M∑

Equation (19) into Equation (9)-(11), Vyf is determined by
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Thus, the hysteretic parameter α can be expressed by 
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For the hybrid steel MRF with EDBs, one of the noteworthy features is the satisfactory 

recentring ability of the system compared with a conventional steel MRF, as also observed 

in the previous experimental observations [8]. To further mitigate the post-earthquake 

residual deformation of the system due to the inelastic deformation of the EDBs, it is 

recommended that the following relationship of the hysteretic parameters should, which 

was validated by experimental results, be satisfied:  

( 1) 1α ζ − >                             (22)

In the perspective of structural parameters, the following equation can be obtained by 

substituting Equation (18), (20), and (21) into Equation (22).
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Note that Equation (23) essentially reflects the optimum relationship between the strength 

of EDBs and that of the main frame.

4. A stepwise design procedure

Based on the core philosophy addressed in Section 3, a stepwise procedure which 

enables a designer to develop a structural design strategy realising the damage-control 

stage under expected ground motions, is established and provided as follows: 

Step 1 Based on the architectural strategy, determine the shape of the damage-control 

core by selecting the target value of the post-yielding stiffness ratio ( ) and the ratio of α

the overall yield drift of the main frame to the overall yield drift of the EDBs ( ). Then, ζ

prescribe the target overall yield drift of the EDBs ( ) and that of the main frame ( ), yeθ yfθ

respectively. To achieve a more satisfactory residual drift response, the relationship given 

in Equation (22) should be satisfied ( ). It is also worth pointing out that as a ,α α ζ ζ= =

significant α is effective for mitigating post-earthquake residual deformations and 

producing more predictable seismic response, an initial value of 0.5 for α prescribing the 

lateral stiffness of the main frame relative to the entire structure in the elastic stage can be 

used to initiate the design iteration. 

Step 2 Estimate the fundamental period of the system. At the beginning of the design, 

code-based design equations for estimating the fundamental period of a steel MRF will be 

applicable as a practical starting point, and then the Rayleigh approximation [23] may be 

used in iterative steps. In cases where elastic structural models are established in an 
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iterative process, the fundamental period can be determined by a frequency analysis.

Step 3 Calculate the energy factor (γe). From a practical application point of view, γe can 

be estimated by Equation (5) and (6) based on the classical Newmark and Hall inelastic 

spectra. In the subsequent iterations, γe can be determined by inelastic spectral analysis to 

enhance the accuracy for determining this core demand index. A validated algorithm [20, 

32] following the original definition of the energy factor determined by Equation (2)-(4) 

can be used to generate this demand index according to the provided ground motions. 

Step 4  Design the EDBs. In this step, the actual overall yield drift of EDBs (θye) is 

estimated by Equation (13) and (15), and the plastic moment capacity of the sacrificial 

energy dissipation beams in the EDBs should meet the demand quantified by Equation 

(12). Amendment of member sections in the EDBs may be needed to ensure that the 

sacrificial energy dissipation beams of all stories have the yield drifts close to each other. 

It is noted that since the yield drift is also associated with column sections, the preliminary 

design of columns should be conducted in this step. 

Step 5 Design the main frame. In particular, after preliminarily designing the main frame 

members, i.e. beams and columns, the yield drift of the main frame is determined by 

Equation (14) and (16). The overall yield drift of the main frame (θyf) and the counterparts 

in each floor (θyf,i) should approach the prescribed target drift ( ).yfθ

Step 6 Modify the structural arrangement to adjust the storey stiffness and strength to 

explicitly account for the inter-storey drift distribution. It should be noted that although the 

assumption of the uniform inter-storey drift distribution has been adopted to facilitate the 

design procedure and is widely utilised in design methodologies, the actual inter-storey 
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drifts will be also dependent on the actual structural arrangement. In the present study, the 

practical design indices proposed by Lu et al. [40] for predicting the seismic inter-storey 

drift distributions, namely the storey capacity factor and regularity index of frame 

structures, are applied to quantify the potential effect of structural arrangement on the 

seismic inter-storey drift distributions of hybrid steel MRF with EDBs. In particular, a 

regularity index was constructed in [40] and given as 

sc,min
sc

sc,ave

i
i

α =                                  (24)

where αsc= regularity index; isc,min = the minimum storey capacity factor and isc,ave= the 

average value of storey capacity factors considering all floors. In this study, a regularity 

vector is deduced from the indices in [40] and given as follows:

sc sc,1 sc,2 sc,N[ ] [ , ,... ]i i iα =                             (25)

To optimise the inter-storey drift distribution, the regularity vector should have 

uniformly distributed elements. The convergence criteria for this step is given by

                               (26)sc 0.9α ≥

                       (27)sc,1 sc,2 sc,NCOV[ , ,... ] 0.1i i iν = <

where ν = coefficient of variation of the storey capacity factors in the regularity vector. 

The detailed information about the definition of the storey capacity factor is provided in 

Appendix A. 

Step 7: After obtaining a design strategy, go back to Step 1 to initiate the iterative process. 

In particular, the actual yield drifts quantities, i.e. θye and θyf can be used to update  and yeθ

. The hysteretic parameters α and ζ determined from Equation (15), (16), (18), (20) and yfθ

(21) can be substituted into  and . Eventually, for a design strategy that can achieve α ζ
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the prescribed drift limit and realise the damage-control behaviour, the flowing criterion 

should be satisfied.  

                             (28)pe, pe,i iM M≥

In practice, designers can conduct a conservative design by properly increasing the plastic 

moment capacity of sacrificial energy dissipation beams in the EDBs. 

Step 8 Check the section and other structural requirement of the structural members. To 

ensure that the assumption of global yielding mechanism holds, the column strength 

should be examined by a strong-column-weak-beam (SCWB) analysis, and the column 

tree method [34] which is used in the PBPD methodology will suffice. Also, Equation (23) 

should be satisfied to produce the controllable post-earthquake residual drifts.

A flow-chart of the stepwise procedure is illustrated in Fig. 4. It is worth pointing out t 

The fundamental logic of the procedure is in line with a direct-iterative design procedure, 

and which is convenient for practical use and will enable a designer to develop design 

strategies based on expected earthquake ground motions. itThe iterative procedure can be 

easily implemented in a standard spreadsheet programme. The demonstration of the 

proposed procedure will be presented in the later section.

5. Application of the design procedure 

5.1. Ground motion ensemble

In the present study, an ensemble of twenty ground motion records (ground motions 

code LA01-LA20) [41] derived from historical records or from physical simulations is 

utilised as ground motions excitations, which was also adopted in the SAC projects and 

extensive research works for verification of the PBPD methodology [23, 25, 29]. These 
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ground motion data can be viewed as design-based earthquake representatives for Los 

Angeles with a 10% probability of exceedance in 50 years, and the acceleration spectra 

corresponding to the damping ratio of 5% are given Fig. 5.

5.2. Implementation of the proposed design procedure

In the present work, three prototype hybrid steel MRFs with EDBs are designed 

according to the above proposed procedure. Two EDBs are used in the external bays for 

the 3-storey and the 6-storey structures, while three EDBs are considered for the 9-storey 

structure. The arrangement of the prototype structures are shown in Fig. 6. The dead load 

and the live load are assumed as 4.8 kN/m2 and 2 kN/m2. The seismic weight of the 3-

storey, 6-storey and 9-storey hybrid steel MRFs with EDBs are 2509 kN, 5292 kN and 

8771 kN, respectively. In the design procedure, the hysteretic parameters of α and ζ are 

selected, achieving the relationship in Equation (22). Then, the energy factor in the 

damage-control stage is initially estimated utilising the Equation (5) and (6). To produce 

the expected damage-control stage in the nonlinear pushover curve for the systems, the 

members in the prototype structures are designed with steel grades of Q235, Q390 and 

Q460 with the nominal yield strength of 235 MPa, 390 MPa and 460 MPa, respectively. 

The sacrificial energy dissipation beams in the EDBs is designed with the steel grade 

Q235, and reduced beam section (RBS) is incorporated to further compromise the strength 

of the beams for triggering the early yielding behaviour of the EDBs. The RBS sections 

are designed according to AISC 358 [42] and Chinese Code for Seismic Design of 

Buildings (GB 50011-2010) [43]. The plastic moment capacity of the centre of the RBS 

section are indicated in Fig. 6 by the values in brackets, and the detail of the RBS is 
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provided in Appendix B. Note that the introduction of RBS detail in the EDBs would 

result in very slight reduction of the lateral stiffness of the system, and this effect is 

neglected in the case studies [8]. Recognising that the drift of 2% is currently adopted in 

the codified limit state for multi-storey steel MRFs [43], the threshold for damage-control 

stage is set below this limit. To explicitly account for the effect of structural stiffness and 

strength on the seismic inter-storey drift distributions, the regularity vector deduced from 

the indices proposed by Lu et al. [40] is adopted for adjusting the structural arrangement, 

and the critical indices are provided in Appendix C. The main parameters for the designed 

structures are provided in Table 2. For the purpose of demonstration, the iteration is 

considered once when applying the stepwise procedure, and the quantities obtained after 

the iteration are indicated by values in brackets in the table.

6. Validation of the design procedure

6.1. Verification of the energy factor

To validate the feasibility of Equations (5) and (6) for quantifying the energy factor of 

the hybrid steel MRFs with EDBs, the mean energy factor spectra of SDOF systems 

representing low-to-medium rise hybrid steel MRFs with EDBs are analysed by inelastic 

spectral analyses, covering a practical spectrum of α and ζ. The analysed mean energy 

factor spectra (damping ratio=5%) under the twenty ground motions stated in Section 5.1 

are compared with the counterparts estimated by Equation (5) and (6) (solid lines), as 

shown in Fig. 7. For cases where α=0, Equation (5) and (6) reduce to the energy factor 

spectra deduced from the classical Newmark and Hall design spectra [21]. The good 

agreement between the results determined by Equation (5) and (6) and the energy factors 
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extracted from inelastic spectral analyses is observed, although slightly unconservative 

estimates might be obtained for systems in the moderate-to-long period region with ζ 

increasing, which can be effectively eliminated by the spectral analyses in the iterative 

process as discussed in Section 4. It can also be seen that both α and ζ impose an 

appreciable influence on the energy factor, echoing the rationality of the present study for 

considering the damage-control stage in seismic design frameworks.

6.2. Structural modelling and verification

The commercial software, Peform3D [44], is used to conduct a numerical study of the 

designed prototype structures. The modelling technique is first validated using the test 

results of the hybrid steel MRF with EDB from [8]. It is worth pointing out that the 

rationale of the modelling technique has been preliminarily validated in the previous work 

[8], whereas only the half of the twin frames and the idealised material nonlinearity, i.e. 

bilinear model with an assumed hardening ratio, were involved in the previous analysis 

model for simplification. To precisely account for the potential effect of the unsymmetric 

behaviour of the specimen, the twin frames in the specimen are modelled in the present 

study. For the EDB, the sacrificial energy dissipation beams are modelled with elastic 

frame segments and zero length plastic hinges, and the location of the plastic hinge 

coincides with the centre the RBS segments. For the main frame members, the inelastic 

fibre hinge method [8, 45, 46] is utilised, and a fibre segment length of 4% of the member 

length [45] is used. Shear deformation of panel zones is not considered for simplification. 

The braces between the twin frames are modelled by elastic truss elements. The general 

information about the model is shown in Fig. 8a. The trilinear kinematic hysteretic model 
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is used to quantify the moment-rotation response of the beams and columns in the 

specimen, and the representative results are compared with the response curves of the 

members extracted from the test results, as given in Fig. 8b and Fig. 8c, respectively. The 

model does not employ fracture, local or global instability and cyclic degradation of 

members, and the simplification is rational in this study as the focus is given to the 

damage-control stage of the hybrid steel MRF with EDBs. To replicate the loading 

protocol in the test programme, the vertical loads (indicated in Fig. 8a) are applied on 

columns first using the measured data from the strain gauge readings, and then the cyclic 

loads on the two floors are applied subsequently. The comparisons of the response curves 

extracted from the test results and the counterparts from the numerical analysis, i.e. storey 

base shear versus inter-storey drift curve, are provided in Fig. 9. Since the fracture of 

structural members was observed at the inter-storey drift of 4% during loading process, the 

analysis is terminated in the corresponding cycle. In general, satisfactory agreement 

between the experimental data and the analysis results extracted from the numerical model 

can be observed.

6.3. Analysis results of the designed hybrid steel MRFs with EDBs

Based on the validated modelling technique, the designed prototype structures are 

simulated and both pushover evaluations and NL-RHA are performed to evaluate the 

seismic response of the systems. To examine the effectiveness of the discussion in Section 

3.4 for quantifying the nonlinear behaviour of a hybrid steel MRF with EDBs in the 

damage-control stage, pushover analyses under the invariant lateral distribution 

determined by Equation (9)-(11) are carried out. To evaluate the P-Δ effect induced by 
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gravity load on the nonlinear pushover curves of the system in the damage-control stage, 

two series of pushover analysis (P-Δ effect included and P-Δ excluded) are carried out for 

each prototype structure. The pushover responses in terms of base shear versus roof drift 

curves of the three prototype structures are provided in Fig. 10. The derived bilinear 

idealisation determined by Equation (15)-(21) are also identified in the figure. As can be 

seen, although the P-Δ effect would result in degradation of the post-yielding stiffness, the 

difference between the response curves determined from the pushover analysis including 

the P-Δ effect and the counterpart excluding the P-Δ effect is not evident in the damage-

control stage before the main frames develop significant inelastic deformations. This 

observation is also in line with findings from previous studies, since the P-Δ effect is 

generally more evident in high rise structures designed to experience significant inelastic 

deformations [26], Also, good agreement between the pushover responses and the bilinear 

idealisation is observed, and the rationality of the proposed procedure is strengthened.

In the NL-RHA, the P-Δ effect is included, and a damping ratio of 5% is assumed for 

the first two vibration modes. The statistical results of the maximum inter-storey drift of 

the prototype structures in terms of mean, mean-plus-standard-deviation and mean-minus-

standard-deviation are shown in Fig. 11. In general, relative uniform distribution of the 

maximum inter-storey drift is obtained, particularly in an average sense. The prescribed 

drift limit defined as the damage-control threshold is also indicated in the figure. As can be 

seen, the maximum inter-storey drift responses in average are below the prescribed limit 

drifts. These results indicate that the proposed design methodology is effective for 

performing a damage-control design by achieving the prescribed drift threshold with the 
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provided ground motions. 

Furthermore, the residual inter-storey drift responses of the designed structures under 

the input ground motions are shown in Fig. 12. The results under an individual ground 

motion and the mean responses under the twenty ground motions are all indicated. Note 

that to obtain the post-earthquake residual drift responses, the analysis time for NL-RHA is 

extended based on the ground motion duration, allowing for decaying of the structural 

vibration after an earthquake ground motion. In particular, the residual inter-storey drift for 

the 3-storey system in terms of mean value is 0.09%, while the counterparts for the 6-

storey system and the 9-storey system are 0.04% and 0.09%, respectively. The residual 

inter-storey drift threshold of 0.5%, which can be perceivable by occupants and has been 

used to quantify the seismic resilience [1], is also indicated in the figure. Except for a very 

few cases in which the residual inter-storey drifts are above the threshold, i.e. the 3-storey 

structure under ground motion LA16 and the 6-storey structure under ground motion LA09 

and LA11, all the systems exhibit quite satisfactory recentring behaviour with negligible 

residual inter-storey drifts. Note that when a hybrid steel MRF with EDBs achieve the 

damage-control behaviour under ground motions, all inelastic actions will be locked in the 

EDBs, and thus the residual deformations can be further mitigated by removing the 

damaged sacrificial energy dissipation beams in the EDBs.

6.4. Comments

It should be noted that as the primary objective of the present study is to develop a 

direct-iterative design procedure, certain degrees of trade-off between the theoretical 

rigorousness and the computational simplicity is made by introducing assumptions in the 
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procedure, which have been utilised in other direct design procedures, e.g. the PBPD 

procedure [24-30]. However, from a practical application point of view, the procedure 

provides a promising tool to search for a preliminary strategy of a hybrid steel MRF with 

EDBs showing damage-control behaviour under expected ground motions, which is an 

essential component in a complete seismic design framework for extending the hybrid 

steel MRFs with EDBs in seismic regions. With the assistance of the proposed procedure, 

a designer can develop preliminary design strategies of hybrid steel MRF with EDBs 

efficiently. To finalise the design, modifications of the structural arrangement can be made 

with subsequent analysis works based on the design strategy produced by the proposed 

procedure, and potential inconsistent estimates of the seismic response induced by 

assumptions therefore can be effectively eliminated. 

In summary, the paper puts forth a practical procedure for explicit consideration of the 

damage-control stage of hybrid steel MRF with EDBs. The proposed procedure allows a 

designer to obtain a preliminary design of the hybrid steel MRF with EDBs achieving the 

damage-control behaviour under provided earthquake ground motions, which is of great 

importance in performance-based seismic design. 

7. Conclusions

As a promising seismic resistant system, the hybrid steel MRFs with EDBs were 

demonstrated to have sound seismic performance and encouraging damage evolution 

mode. By combining the EDBs equipped with sacrificial energy dissipation beams of mild 

carbon steel and the main frame of HSS, the damage-control behaviour of the system with 

restriction of plastic damages in the EDBs will be realised naturally in a wide deformation 
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range, and a damage-control stage can be extracted from the pushover response curve 

under seismic actions. To rationally design a hybrid steel MRF with EDBs considering the 

damage-control stage, a design procedure of low-to-medium rise hybrid steel MRFs with 

EDBs is developed in this research. Following the basic philosophy of the PBPD 

procedure, the proposed method is a typical direct-iterative design approach, and the 

seismic demand is quantified by the energy factor deducing from the SDOF system with 

the hysteretic model validated by the test results. After relating the structural member 

parameters with the hysteretic parameters of the equivalent SDOF systems, a 

straightforward stepwise design procedure with computational attractiveness is established. 

The proposed procedure is applied to three low-to-medium rise prototype structures, and 

the robustness of the procedure is examined by nonlinear pushover evaluations and NL-

RHA. 

In general, the energy factor of SDOF systems with significant post-yielding stiffness 

ratios serves as a reliable index for quantifying the seismic demand of low-to-medium rise 

hybrid steel MRF with EDBs in the damage-control stage. The comparison of energy 

factors of SDOF systems incorporating various post-yielding stiffness ratios with the 

counterparts determined by the modified classical Newmark and Hall spectra strengthens 

the great potential of the developed practical equations for quantifying this core demand 

index reasonably. Moreover, as features of strength and deformation are employed in the 

energy factor, there will be no need to prescribe the limits for both strength and ductility, 

as adopted in conventional design methodologies, i.e. force-based or displacement-based 

design procedures. 
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The results extracted from the NL-RHA of the prototype structures indicate that the 

developed stepwise procedure is effective for achieving the maximum inter-storey drifts 

close to the damage-control threshold defined by a pre-selected target drift. The 

distributions of the maximum inter-storey drift in terms of the mean values are generally 

uniform along the structural height. Also, neglecting the P-Δ effect for computational 

simplicity in the stepwise procedure does not evidently compromise the accuracy for 

predicting the nonlinear pushover response curve in the damage-control stage, echoed by 

the good agreement between the results determined by pushover evaluations and the 

predicted nonlinear pushover curves by the proposed method.

 It is worth pointing out that although the hybrid steel MRFs with EDBs realised by 

hybrid steel concept might increase the initial construction cost compared with that of a 

conventional steel MRF, the desirable damage evolution mode and the controllable 

residual inter-storey drift distributions of the prototype structures have demonstrated the 

great potential of the system for mitigating post-earthquake damages and minimising 

repair works, making the system both sustainable and economically viable in seismic 

regions. 
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Appendix A

The core concept of the capacity factor proposed by Lu et al. [40] is to develop a 

practical method to relate the roof drift and the maximum inter-storey drift utilising curve 

fitting approach. In particular, the storey capacity factor is determined by

sc ns osi i i= ⋅                                  (A.1)

where ins and ios are the stiffness factor and the strength factor, respectively. For the 

stiffness factor in the ith floor, it can be estimated by 

ns
s

( )i

Di
V

=                                      (A.2)

where D and Vs are the storey stiffness and the storey shear force demand. For practical 

applications, the storey stiffness is determined by the widely used D value-method. For the 

strength factor ios, it is expressed as follows:

R
os

s

( )i

Vi
V

=                            (A.3)

where VR is storey shear strength capacity. Since the global yielding mechanism is assumed 

and guaranteed in the proposed design procedure, VR should be calculated based on the 

assumption that plastic hinges are triggered at beam ends. Also note that Vs follows the 

lateral load distribution utilised in this study. 

It is noted that according to the observations from a previous research study [40], a 

value of αsc approaching unity is a necessary prerequisite for a system realising the 

uniform inter-storey drift distribution.
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Appendix B

The RBS details of sacrificial energy dissipation beams in the prototype structures are 

designed following GB 50011-2010 and AISC 358, and are given in Fig. B.1.

Appendix C

The storey capacity factors and regularity indices of the prototype structures are given in 

Table C.1-Table C.3. 
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Fig. 8 Numerical models: (a) Modelling of the test specimen [8], (b) comparison of response 

curves of the representative sacrificial beam and (c) comparison of response curves of the 
representative HSS member.
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Fig. 10 Comparison of the pushover responses and the bilinear idealisations in the design 

procedure: (a) 3-storey structure, (b) 6-storey structure and (c) 9-storey structure.
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Fig. 11 Maximum inter-storey drift responses of the designed hybrid steel MRF with EDBs: (a) 3-

storey structure, (b) 6-storey structure and (c) 9-storey structure.
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Fig. 12 Residual inter-storey drift responses of the designed hybrid steel MRF with EDBs: (a) 3-

storey structure, (b) 6-storey structure and (c) 9-storey structure.
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Fig. B.1 Details of RBS in the prototype structures.



Table 1 Specimen detail [8]: member information and material properties
Material property

Member Section Yield strength
fy (MPa)

Ultimate strength
fu (MPa)

Column 
slenderness 

ratio

HSS column H120×120×12×16 587 642 36~53
HSS beam H140×100×12×12 504 575 -

Beam in the EDB H205×75×4×4 338 459 -

Table 2 Design parameters of the prototype structures

Parameters 3-storey 6-storey 9-storey Notes

Post-yielding stiffness of 
the damage-control stage, α

0.5
(0.37)

0.6
(0.72)

0.5
(0.50)

Yield drift ratio of the main 
frame to the EDBs, ζ

4
(3.94)

4.5
(6.06)

4
(6.69)

Equation (22) satisfied

Energy factor, γe  (0.74)  (0.79)  ( 0.78 )
By spectral analyses in the 

iterative step
Yield drift of EDBs, θye 

(%)
0.4

(0.41)
0.4

(0.33)
0.4

(0.26)
Utilising beams with RBS section 

Target drift, ζθye (%)
1.6

(1.61)
1.8

(2.01)
1.6

(1.74)
Threshold of the damage-control 

stage

Fundamental period, T (s) 0.71 1.55 1.71
Determined by frequency 

analysis

Spectral acceleration, Sa 0.97 0.48 0.40
Determined from the mean 

spectrum of ground motions 
based on T

Seismic weight (kN) 2509  5292 8771 determined according to [43]
Notes: The values in the brackets are determined by step 8 after one iteration.

Table C.1 Storey capacity factor and regularity index of the 3-storey hybrid steel MRF with EDBs

Floor *ins *ios *isc *αsc

1 0.83 1 0.99
2 1 0.76 0.90
3 0.86 0.98 1.00

0.94



Table C.2 Storey capacity factor and regularity index of the 6-storey hybrid steel MRF with EDBs

Floor *ins *ios *isc *αsc

1 0.62 1.00 0.84
2 1.00 0.71 0.97
3 0.95 0.74 0.96
4 0.90 0.78 0.96
5 0.81 0.91 1.00
6 0.61 1.00 0.83

0.90

Table C.3 Storey capacity factor and regularity index of the 9-storey hybrid steel MRF with EDBs

Floor *ins *ios *isc *αsc

1 0.65 1.00 1.00 
2 0.98 0.66 0.99 
3 0.96 0.66 0.97 
4 0.94 0.68 0.99 
5 0.90 0.70 0.97 
6 1.01 0.64 1.00 
7 1.00 0.65 1.00 
8 0.97 0.68 1.01 
9 0.65 1.00 1.00 

0.97

*Notes: ins is the stiffness factor given in Equation (A.2); ios is the strength factor, given in 

Equation (A.3); isc is the storey capacity factor given in Equation (A.1) and αsc is the regularity 

index given in Equation (24).




