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Abstract
Five different design approaches are compared on a single mid-rise reinforced concrete 
building, pitting two performance-based designs against three conventional methods in 
delivering a solution that satisfies different sets of performance objectives. Two of the con-
ventional designs stem from the literature, and they represent 2003 IBC compatible solu-
tions. Another employs the yield point spectra to deliver a code-like solution, satisfying the 
design norms without needing iterations. The final two are based on the yield frequency 
spectra to offer a design that can satisfy more detailed performance objectives in a sin-
gle step. Overall, all five methods are shown to deliver what is expected. Conventional 
methods can safely capture the code requirements, yet they are disadvantaged when tread-
ing in beyond-life-safety territory, where Immediate Occupancy or Collapse Prevention 
objectives cannot be easily satisfied, a problem that is not shared by performance-based 
approaches.

Keywords Performance-based earthquake engineering · Uncertainty · Fragility · Demand · 
Capacity

1 Introduction

Seismic design is an inherently complex process that is arguably far more iterative than 
the process of structural assessment, heavily compounded by the fact that in the former 
case we start with a general configuration in need of sizing (or even configuring), while in 
the latter we have an already-designed structure to assess (see also relevant discussions in 
O’Reilly and Calvi 2019). Thus, design is practically never direct, as it actually comprises 
multiple cycles of re-design and re-analysis to conform to required performance objectives 
(POs). How one defines such objectives and then goes about meeting them characterizes 
both the approach and its end result (e.g., Vamvatsikos et al. 2016a, b).

 * Akrivi Chatzidaki 
 cakrivi@central.ntua.gr

1 Institute of Steel Structures, School of Civil Engineering, National Technical University of Athens, 
Athens, Greece

2 Department of Civil Engineering, University of Granada, Granada, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/s10518-024-01871-7&domain=pdf
http://orcid.org/0000-0002-5127-7427


 Bulletin of Earthquake Engineering

1 3

In terms of the definition of POs, risk versus intensity basis are the two options. 
In both cases, one is interested in constraining the undesirable event of demand, D, 
exceeding capacity, C, where both are typically defined in terms of engineering demand 
parameters (EDPs), such as member forces, moments, or deformations. In risk-based/
targeted design, or performance-based seismic design (PBSD, Krawinkler et  al. 2006; 
Franchin and Pinto 2012; Sinković et al. 2016; Franchin et al. 2018; Kazantzi and Vam-
vatsikos 2021), of interest is the mean annual frequency (MAF) of D > C, or λ(D > C). 
Then, meeting a PO means that the x% percentile (i.e., x% confidence-level) estimate of 
λ(D > C) due to additional uncertainty from modeling, analysis, material properties etc. 
is lower than the associated tolerable MAF of the PO, λPO:

Risk-based design methodologies allow setting any number of POs and designing 
the structure in order to satisfy them within constraints imposed by e.g., architectural 
considerations. At their most advanced form, specific (non-)exceedance rates of more 
sophisticated decision variables can be targeted, such as monetary losses, casualties etc. 
(Shahnazaryan and O’Reilly 2021; Shahnazaryan et al. 2022; Gentile and Calvi 2023).

Intensity-based design is practically much simpler. Therein, satisfying an objective is 
reduced to directly checking for a conservative (i.e., high) estimate of the EDP demand 
exceeding a conservative (i.e., low) estimate of the capacity at a single intensity meas-
ure (IM) level, or IMO, provided by a design spectrum associated with a given exceed-
ance MAF, typically associated with an exceedance probability of 10% in 50yrs (hence-
forth noted 10%/50yrs):

z, w are confidence levels (greater than 50%) that are chosen to indirectly achieve the 
required safety (e.g., Ravindra and Galambos 1978; Ellingwood et al. 1982; Sørensen et al. 
1994); they are typically expressed via demand-increasing and capacity-reducing multipli-
ers, i.e., load and resistance safety factors, and form the basis of modern codes (e.g., CEN 
2005; ASCE 2010).

The elegance of Eq.  (2) is rather marred by the (typically unavoidable) structural 
nonlinearity. To incorporate the beneficial effects of ductility without invoking nonlin-
ear analysis, a response modification (strength reduction) factor, R, or behaviour fac-
tor, q, is applied on the elastic demands. These factors are approximately estimated for 
classes of structures, but they actually depend on each building’s characteristics, such as 
the ductility capacity, overstrength and redundancy, properties that are not known a pri-
ori, as well as the period or the height of the structure, which are known design param-
eters with imperfectly known effects on performance. Intensity-based seismic design 
typically intends to achieve a single PO at one seismic hazard level, that is Life Safety 
(LS), simply by ensuring that critical members have sufficient strength and conform 
with the detailing requirements. Serviceability is also addressed by limiting interstory 
drifts either under the design lateral loads or for a reduced design spectrum correspond-
ing to a more frequent hazard level. Although compliance with other limit-states such 
as Global Collapse is often claimed in codes, this is not explicitly checked for, but only 
implicitly “guaranteed” by the aforementioned process. In other words, intensity-based 
design is an inherently inaccurate approach (see Iervolino et al. 2018; Aschheim et al. 
2019) as it bypasses a rigorous assessment.

(1)𝜆x%(D > C) < 𝜆PO

(2)Dz%

(
IMO

)
> C(1−w)%
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Such a performance assessment is best conducted by assessing λ(D > C) for the PO at 
hand. It can be obtained by cointegrating the system fragility curve associated with the 
given threshold of interest, with the seismic hazard curve:

where P[D > C | IM] is the probability of D exceeding C given the IM, also known as the 
fragility curve, while |dλ(IM)| is the differential of the seismic hazard curve. Without doubt, 
the process of assessment comes with its own complications, as it would optimally require 
a detailed nonlinear model and multiple response history analyses.

Given that the relationship between the design variables and the target POs is not 
invertible, one cannot design directly for specified POs. Thus, risk-based design inevita-
bly becomes an iterative approach of re-design and re-assessment. Several approaches have 
been proposed to guide such iterations. Arguably, the most comprehensive ones require the 
user to work with the full structure, choosing the needed structural adjustments either using 
experience and intuition (e.g., Krawinkler et al. 2006; Zareian and Krawinkler 2012) or via 
formal numerical optimization (e.g., Fragiadakis and Lagaros 2011; Franchin and Pinto 
2012). On the other hand, using a single-degree-of-freedom proxy and adopting a design-
invariant term is by far the most practical and popular approach for conducting design iter-
ations (Vamvatsikos et al. 2016a, b; Shahnazaryan and O’Reilly 2021).

In this matter, adopting a period versus a displacement basis are the two mainstream 
proposals. The design methods proposed in current codes rely upon an initial estimation 
of the structural period (period/force-based approaches). However, the lateral strength and 
stiffness of a structure change in subsequent re-design and re-analysis cycles, leading to 
significant period changes. Chopra and Goel (2000) have highlighted the difficulty of accu-
rately estimating the fundamental period of the final design after examining a large number 
of buildings in California. The inaccuracy of the period estimate may increase the number 
of iterations, hampering intensity-based approaches, but even more so risk-based ones.

On the other hand, multiple researchers such as Priestley (2000) and Aschheim (2002) 
suggested that the yield displacement is a more stable parameter that can be estimated early 
in the design process. Taking advantage of its stability, they proposed using yield displace-
ment instead of the fundamental period as a basis for estimating the design base shear 
(displacement-based approaches), aiming to significantly reduce the number of re-design 
and re-analysis iterations required. On such basis, multiple displacement-based design pro-
cedures have been proposed, e.g., Moehle (1992); Aschheim and Black (2000); Priestley 
et al. (2008); Hernández-Montes et al. (2023); da Silva et al. (2023). Of essence in reduc-
ing the number of iterations is to obtain a good estimate of the yield displacement, which is 
considered a relatively easy task given that it mainly depends on the known geometry and 
material properties rather than the unknown building strength. Still, conventional displace-
ment-based approaches remain anchored on the intensity-basis rather than a performance/
risk-basis, thus they deliver solutions without any explicit guarantee of meeting specific 
POs (Vamvatsikos et al. 2016a, b; Vamvatsikos 2017; O’Reilly and Calvi 2020; Van der 
Burg et al 2022).

In the following, to test the capabilities of different design approaches, we shall pit three 
intensity-based and two risk-based designs against each other, using a four-story reinforced 
concrete (RC) office building as a testbed. Two of the intensity-based designs stem from 
literature and are period-based designs, while the third one is a displacement-based design 
that relies upon the use of the Yield Point Spectra (YPS) proposed by Aschheim and Black 

(3)𝜆(D > C) = ∫ P[D > C|IM] ⋅ |d𝜆(IM)|
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(2000). Regarding the risk-based designs, they both rely on the use of the Yield Frequency 
Spectra (YFS, Vamvatsikos and Aschheim 2016) as the design tool, and they are either 
based on a code-like approximation of the seismic hazard or on actual site-specific seismic 
data.

2  Case‑study building

The case-study is a four-story RC office building, representative of the mid-rise offices 
constructed in the highly seismic region in coastal California. It is a benchmark building 
originally designed by Haselton et al. (2008). It has two perimeter moment-resisting frames 
(MRFs) acting in each principal direction as its lateral-load resisting system and internal 
columns that carry only the gravity loads. Each MRF has four bays of 30ft (9.1 m) result-
ing in a total length of 120’ (36.6 m), as shown in Fig. 1a. The building has a standard 
floor plan configuration of 180’ × 120’ (54.8 × 36.6 m) dimensions, as presented in Fig. 1b, 
while its height is 54’ (16.5 m) with a first story of 15’ (4.6 m) and 13’ (4.0 m) height on 
the remaining ones. Dead load of 175psf (8.4 kN/m2) and live load of 50psf (2.4 kN/m2) 
are assumed for the design, with the latter not acting on the roof. Concrete and steel rebars 
of characteristic strength equal to fck = 5ksi (35 MPa) and fck = 60ksi (414 MPa), respec-
tively, are used for the beams and columns, while the two-way flat post-tensioned slab has 
8″ (0.2 m) thickness.

3  MRF design approaches

The five different design approaches that were followed for designing the MRFs are herein 
named as CA, CB, MA, MB and MC. CA and CB frames are designed by (Curt) Haselton 
et al. (2008) following code-compatible intensity-based design procedures that rely upon 
an initial estimation of the fundamental period of the structure (i.e., period-based). MA, 
MB and MC moment-frames are designed by (Mark) Aschheim et al. (2019), the former 
following an intensity-based design procedure based on an initial estimation of the yield 

Fig. 1  Four-story reinforced concrete building: a elevation of the perimeter moment resisting frame and b 
plan view of a typical story (adopted from Aschheim et al. 2019)
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displacement through YPS, while the other two are designed by more advanced risk-based 
approaches via YFS by maintaining a constant yield displacement basis.

4  Theoretical background

4.1  Intensity‑based design via YPS

The YPS are constant ductility spectra calculated using the elastic response spectrum of 
the code as a basis; thus, designing via the YPS offers performance compatible to cur-
rent codes. The YPS approach requires an initial estimation of the yield displacement, 
δy*, of the equivalent single degree of freedom (SDOF) system that serves as a proxy of 
the full structure. Having established δy* (or its full-structure equivalent δy) and the target 
response of the structure in terms of allowable system ductility, the base shear strength 
at yield, Vy

*, of the equivalent SDOF can be directly determined through the YPS. Based 
on Vy

*, the required period of the structure and the cross-sectional dimensions and rein-
forcement of the RC members are determined e.g., via plastic mechanism analysis. Having 
established the cross-sectional characteristics, the new yield displacement is estimated and 
if an iteration is required in case of discrepancies vis-à-vis the initial estimate, the afore-
mentioned process is repeated. This design approach is meant to reduce the number of 
required design-analyses cycles while remaining compatible to current codes; still, it does 
not explicitly account for uncertainties.

4.2  Risk‑based design approach through the YFS

Risk-based design approaches deliver structural solutions that satisfy a set of any number 
of POs that are defined a priori by the analyst. The YFS (Vamvatsikos and Aschheim 2016) 
offers a means for such a design by employing an equivalent SDOF proxy of the full struc-
ture and explicitly linking the MAF of exceeding any displacement value of interest with 
Vy

* of the SDOF. It relies upon the stability of the yield displacement despite changes in 
the system’s strength, thus strength variations estimated via the YFS are related to changes 
in the period of vibration and the lateral stiffness of the structure. In YFS applications 
the desired POs are thus expressed in terms of the allowable MAF of exceeding specific 
global ductility or displacement limits at a desired level of confidence, while the maximum 
strength Vy

* required to fulfill the POs, as obtained through the YFS, is the one that governs 
the structural design. Having established Vy

* and converted it back to the multi-degree-of-
freedom (MDOF) system, a mechanism design analysis can be followed to establish the 
required strength and stiffness of individual members.

Apart from the estimate on the yield displacement, the YFS also requires an assumption 
on the force–deformation backbone of the SDOF model as well as comprehensive informa-
tion on the seismic hazard of the site. The backbone is used for estimating the building’s 
fragility curve, either through a series of nonlinear dynamic analyses or by economizing 
though approximate R–μ–Τ (strength reduction-ductility-period) relationships, preferably 
ones that provide the entire distribution of the response (e.g., Vamvatsikos and Cornell 
2006; Ruiz-Garcia and Miranda 2007; Bakalis et al. 2019). The obtained fragility curves 
are cointegrated with the site hazard curve to obtain the YFS. Regarding the seismic 
hazard, it needs to be provided for (pseudo-)spectral acceleration, Sa(T), at multiple val-
ues of the period T. Such information is optimally derived for the site of interest for via 
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probabilistic seismic hazard analysis (Cornell 1968). If such information is not available, 
the code elastic design spectra (or uniform hazard spectrum, UHS) can be used instead, 
by adopting an approximation of the logarithmic slope of the hazard curve, k, that allows 
extrapolating to other hazard levels per Cornell et al. (2001). In this case, some conserva-
tism may be introduced to the YFS estimate, especially if the UHS is extrapolated to very 
frequent or very rare events.

Both the YPS and YFS rely upon the equivalent SDOF approximation, thus some inac-
curacies can be introduced when designing MDOF structures. For this reason, some refine-
ment of the initial design may be required in case of POs that do not correlate well with the 
SDOF response, such as more localized responses of interstory drift or floor acceleration 
that are affected by higher modes.

4.3  Treatment of unmodeled uncertainty and confidence level estimates

There are inherent uncertainties in assessment, ranging from the values assumed for (non-
deterministic) model parameters such as the yield strength, mass, stiffness etc., to the 
choice of the model itself, and the method adopted for the analysis. Theoretically, these can 
be incorporated by explicitly taking into account their influence when modeling/assessing 
the structure, assigning probability distributions and an associated correlation structure to 
influential uncertain parameters and assessing their effect, e.g., via Monte Carlo simulation 
(e.g., Dolsek 2009; Liel et  al. 2009; Vamvatsikos and Fragiadakis 2010; Gokkaya et  al. 
2016). However, this would require a significant number of analyses at a heavy computa-
tional expense (e.g., Vamvatsikos 2014). As a more cost-effective solution, such additional 
unmodeled sources of uncertainty are only approximately considered a posteriori, intro-
ducing variability in the performance assessment results, which are no longer deterministic 
but instead they become uncertain, following a distribution of their own.

For lack of a better (or more cost-effective) option, one typically assumes that by 
employing the central values (means or medians) for the unmodeled random variables, 
the central value of the estimated output distribution can be accurately captured; thus the 
results of one’s assessment are assumed to be unbiased. However, the dispersion in the 
results is surely impacted since in most cases adding more random variables (i.e., noise) 
to the problem results in increasing the uncertainty of the output. The theoretically “sim-
plest” way to account for this additional uncertainty, βε, would be to estimate its value and 
inject it back to the outputs. Of course, to do so accurately requires considerable experi-
ence and/or non-negligible expense. One can instead employ canned literature values (e.g., 
FEMA 2009a, 2012), keeping in mind that, as a general rule, βε should be lower than the 
dispersion obtained by the modelled sources of uncertainty, otherwise the aforementioned 
assumption of unbiasedness may be suspect.

Having established βε, one has two options to incorporate it in the performance assess-
ment. The first one is to aggregate the dispersion obtained by the modelled variables with 
the additional model error dispersion through the square root of the sum of squares (SRSS) 
rule, following the so-called first-order assumption (Cornell et al. 2001). In this case both 
sources of uncertainty are treated equally and we are not able to distinguish the variance 
from each source; still, this approach is simple and can be easily implemented in prac-
tice. Alternatively, one can employ the additional model error dispersion separately from 
the modelled one and define multiple realizations of the output distribution, each of them 
being a copy of the initial distribution with a shifted mean representing the error in the 



Bulletin of Earthquake Engineering 

1 3

obtained estimate. In both cases though, such added variability in the results of the analysis 
offers a new twist to the discussion of what D > C really means in Eq. (1) to (3).

To better present our case, let us consider two virtual safety-checking examples (as they 
are more intuitive than the inverse of exceedance-checking) for D < C, namely  99 < 100 
versus 50 < 100. If the values of demand and capacity are deterministic without incorpo-
rating any uncertainty, then both inequalities would be satisfied as they are valid from a 
mathematical standpoint. In other words, we should be safe in both cases. However, given 
the multiple sources of uncertainty, neither D nor C are deterministic. This results in an 
uncertainty on the outcome of whether exceedance has taken place. For our examples, 
given similar levels of uncertainty, the 50 < 100 case should be preferred over the 99 < 100 
one since the difference between D and C is higher, thus imparting greater confidence on 
the results of the inequality. Consequently, the degree of confidence on the design/analysis 
outputs highly depends on their dispersion due to the inherent uncertainties.

Despite the need of assigning desired confidence levels for checking, intensity-based 
design approaches cannot directly account for them, since they either ignore randomness 
in the input data, or, when they account for it, they only do so approximately. In such cases 
where confidence is not defined otherwise, the confidence level of 50% is assumed and 
is also propagated to performance assessment for consistency purposes. On the contrary, 
designing using risk-based approaches, and especially YFS, allows explicit consideration 
of uncertainty since user-selected confidence levels can be enforced on the target POs. The 
confidence level assigned to each PO should be dependent on the consequences associated 
with each type of failure. For instance, the highest confidence level should be assigned to 
failures related to loss of the load-carrying capacity of the structure, especially if such fail-
ures are associated with progressive collapse. A lower value of confidence can be applied 
to failures of lesser consequences. Of course, higher confidence in achieving a PO gener-
ally requires a stricter design and comes at a greater cost.

5  Case‑study building designs

5.1  Design of the CA and CB frames

The CA and CB frames were designed by Haselton et al. (2008) for a site matching San 
Jose, California (latitude = 37.33659º, longitude =  − 121.89056º) on Site Class D soils. 
Specifically, the ASCE 7–10 (ASCE 2010) hazard spectrum with 2% probability of 
exceedance in 50 years (henceforth referenced as 2%/50yrs) has the values of SMS = 1.50 g 
and SM1 = 0.90 g, while the smoothed design spectrum according to ASCE 7–10 for the 
10%/50yrs is based on SDS = 2/3(SMS) = (2/3)·(1.50 g) = 1.00 g and SD1 = (2/3)·(SM1) = (2/3)
·(0.90 g) = 0.60 g.

The provisions of the International Building Code 2003 (ICC 2003) are adopted for CA 
and CB frames, thus a typical code-compatible period-based design procedure is followed. 
The difference between these two approaches is that the CA frame is designed following 
common practitioner-design practices, thus exceeding the minimum code requirements. On 
the contrary, the CB frame meets code provisions as closely as possible to their minimum 
values. More details on the design approaches adopted for these two frames can be found 
in Haselton et  al. (2008). The cross-sectional dimensions and reinforcement for beams 
and columns of the perimeter MRFs are listed in Table 2 without including any additional 
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small diameter rebars used for supporting stirrups and to satisfy minimum rebar distance 
requirements.

5.2  Design of the MA frame

The MA frame is designed as per Hernández-Montes and Aschheim (2019), following an 
intensity-based design procedure that is based on the stability of the yield displacement 
through the YPS. The YPS is determined using the smoothed response spectrum of ASCE 
7–10 (ASCE 2010) for the San Jose site as a basis.

Designing using the YPS seeks performance compatible to the one obtained in cur-
rent codes, thus performance requirements comparable to those in ASCE 7–10 are tar-
geted. Specifically, ASCE 7–10 establishes an interstory drift limit that depends on the 
structural system and the occupancy category of the building. For the MRF of the case-
study building the 2% limit is obtained, at a hazard level compatible to current codes i.e. 
10%/50yrs. Even though 10%/50yrs refers specifically to exceedance probabilities over a 
certain time period, its direct correspondence to the MAF will allow us to use this term 
interchangeably with actual MAF values, thus henceforth making 10%/50yrs identical 
to − ln(1 − 0.10)/50 = 0.0021. Code-specific requirements do not employ limits on the sys-
tem-level ductility capacities but they can be inferred following the process reported in 
NEHRP provisions (BSSC 2010). Specifically, the ductility capacity associated with the 
maximum strength of the intended mechanism for the design basis ground motion is multi-
plied by the 3/2 to obtain the corresponding limit for the 2%/50yrs hazard level (equivalent 
to 4.04·10−4). The resulting ductility limit is 3.6/Ie = 3.6, where the Ie is the importance fac-
tor defined in ASCE 7–10 at the 2%/50 hazard level. For the case at hand, the critical PO 
that governs the structural design is the ductility demand. Since this design is compatible 
with current code provisions, the confidence level at which the POs should be met cannot 
be enforced directly, thus a 50% confidence is adopted for all the targeted POs.

5.3  Design of the MB and MC frames

The MB and MC frames are designed following the risk-based seismic design procedure 
introduced via the YFS. The main difference among the design of these two frames con-
cerns the YFS generation. In the MC case, YFS are calculated by employing site-specific 
hazard data, while for the MB frame a simplified approach is adopted, indicative of what 
can be done for cases where site-specific information is not available. Specifically, for MB 
the 10%/50yrs UHS for site class D is used as a basis. Per ASCE (2010) this is taken as 
2/3 of the corresponding smoothed 2%/50yrs UHS. To obtain the seismic intensities for 
other hazard levels, we follow the power law fit (or linear fit in log-space) concept of Cor-
nell et al. (2001), using separate approximations below and above the 10%/50yrs level. A 
scale factor equal to 1.5 (i.e., the inverse of 2/3) naturally transforms the 10%/50yrs UHS 
to the 2%/50yrs one, while the UHS for the 50%/50yrs hazard level is derived by employ-
ing the scale factor of 0.5, as proposed by EN1998-1 (CEN 2005). These three data points 
at 50, 10, and 2% in 50 years allow us to linearly interpolate and extrapolate in log-space 
to approximate all other hazard levels. A second-order approximation of the hazard curve 
may also be employed (Vamvatsikos 2014), yet this may not be commensurate with the 
reduced accuracy provided by the three approximate hazard points, thus it is not adopted 
herein.
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The MB frame is designed by targeting a single PO that is limiting the MAF of 
exceeding the maximum (over all stories) interstory drift ratio, θmax, of 2% to 0.0021 
(or a 10%/50yrs hazard level) at 68% confidence. This confidence level is selected to be 
higher than the 50% sought for the MA frame so as to obtain a more stringent design.

The MC frame is designed for three POs: (i) limiting the MAF of exceeding a system 
ductility demand of 1.50 to 0.0139 (equivalent to 50%/50yrs), this ductility limit being 
equivalent to a roof drift ratio of 0.09 m·1.5/16.5 m = 0.8%, where 0.09 m is the effec-
tive yield displacement and 16.5 m is the height of the building; (ii) limiting the MAF 
of exceeding θmax = 2% to 0.0021 (equivalent to 10%/50yrs); (iii) limiting the MAF 
of reaching the Global Collapse limit state to 2.01·10−4 (equivalent to 1%/50yrs). An 
appropriate level of confidence is chosen for each PO by considering the consequences 
of the EDP capacity exceedance, thus the confidence level associated with collapse is 
set at 90% while for the other two POs at 70%. It should be noted that global collapse 
occurs when either numerical non-convergence appears in a model that incorporates 
material and geometric nonlinearities or a large value of θmax is exceeded, whichever 
occurs first. Herein the θmax threshold indicating collapse is taken as 8%; actually any 
value higher than about 5% is equally effective in determining collapse, at least for this 
structure, as later results will show. Consequently, for this PO θmax is adopted as the 
EDP.

The critical PO that governs the design of the building, at least when determining 
the YFS, is collapse. Note that for MC, the YFS are generated by adopting the mean 
estimate of the seismic hazard of the San Jose site, as derived by the USGS data. Note 
how this implies that any (expectedly minor) mismatch between the actual hazard and 
its approximation by ASCE 7–10 will be reflected in the design. Still, this is a valid 
representation of how such design approaches would be employed in practice. For more 
clarity, the salient characteristics of all design approaches are summarized in Table 1.

As a postscript, note that both MB and MC MRFs may require iteration to achieve 
their objectives, given that performance is verified by rigorous assessment after a design 
cycle. There are multiple factors that can lead to needing several design-iteration cycles, 
especially any discrepancy in assessing the yield displacement and ultimately represent-
ing a building by its equivalent SDOF proxy. At least for this simple four-story building, 
the YFS approach allowed fulfilling all design objectives without iteration. This is a feat 
that may not be observed for taller or irregular 3D structures, yet it is indicative of the 
good convergence properties of YFS.

Table 1  Salient characteristics of the five design approaches.  Approaches CA and CB differ only on the 
member sizing approach, CB using the lightest possible sections, while CA adopting less optimal sections, 
closer to practice

* With approximate scaling factors to extend to other hazard levels

Approach Basis Invariant Tool Hazard

CA/CB Intensity T Code R-factors 10/50yrs code spectrum
MA Intensity δy YPS 10/50yrs code spectrum
MB Risk δy YFS 10/50yrs code  spectrum*

MC Risk δy YFS Full site hazard
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5.4  Dimensions and reinforcement ratio for all design approaches

The cross-sectional dimensions and longitudinal reinforcement for beams and columns are 
presented in Table 2 for all frames. The format used for describing the reinforcement is 
(number of steel rebars) #(rebar number). It should be noted that the column reinforcement 
ratio for the CA and CB moment frames is distributed along the two edges parallel to the 
column width and does not include any additional reinforcement used for satisfying detail-
ing requirements, while the longitudinal reinforcement of the MA, MB, and MC MRFs 
is distributed around the perimeter of the columns. This has to do with the assumptions 
adopted by the designers of the two frames. The terms “end” and “intermediate” columns 
are used to distinguish among the external and internal columns of each MRF as presented 
in Fig. 1a. For some columns that have different reinforcement at the top and the bottom, 
two values are written in the Table 2 that are separated by a slash “/”. It should be noted 
that for the MA, MB, and MC frames the reinforcement is directly calculated based on 
the mathematical solutions behind fulfilling the V∗

y
 demand (Aschheim et al. 2019), with-

out accounting for other detailing requirements, such as the minimum allowable distance 
between the rebars. For comparison purposes, the total concrete volume and steel weight 
of the designed MRFs (not the entire building) are also presented. It can be observed that 
the amount of steel and concrete required for the MRFs progressively increases for the CA/
CB, MA, MB and MC MRFs, i.e., there is a tradeoff between economy and safety as more 
comprehensive performance objectives that are sought during the design tend to lead to 
increased amounts of steel and concrete.

6  Seismic performance assessment

The seismic performance of the five buildings is assessed to examine whether they satisfy 
the POs targeted either explicitly (e.g., collapse for the MC frame) or implicitly (e.g., col-
lapse for all other frames) and to compare their performance for the POs that they share. 
Herein the additional uncertainty is considered equal to 0.25 for all design approaches.

6.1  Seismic hazard

The seismic hazard for San Jose is derived through the USGS data for a wide range of 
intensity levels and periods that can be pertinent to the designs. Accordingly, the spec-
tral acceleration at the fundamental period of the building, Sa(T), is adopted as the IM. 
The resulting 10%/50yrs UHS is shown in Fig. 2. Such data represents the actual seismic-
ity of the site, as required for accurate performance assessment or risk-based design a la 
MC. However, design approaches CA, CB, MA and MB are based on code spectra rather 
than the site-specific UHS, thus the inevitable (minor) discrepancies that exist between the 
design spectrum (solid line) and the true UHS (dash-dotted line) may introduce inconsist-
encies and unfairly bias our evaluation of the simpler approaches.

To provide a fair basis for judging the capabilities of design approaches CA, CB, MA, 
and MB, which use the code spectrum as a basis, the site-specific seismic hazard curve 
is uniformly scaled to match the Sa(T1) value implied by the ASCE 7–10 design spec-
trum for each frame. For illustrative purposes, the modified UHS for the MB MRF is pre-
sented in Fig. 2; it is derived by scaling the site-specific UHS by 0.91 so that it matches the 
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ASCE 7–10 smoothed design spectrum at the fundamental period of the MB building that 
is 0.97 s. Such scaling is not needed for the MC frame since its design is already based on 
site-specific hazard data.

6.2  Non‑linear modeling of the MRF

The OpenSees platform (McKenna et al. 2000) is used for preparing the two-dimensional 
(2D) model of the building for each design approach. In all cases, only one out of the two 
MRFs acting in each principal direction is modelled. A leaning column is added to model 
the effect of the gravity columns of one half of the building, i.e., those that do not belong to 
the MRF; it is pinned at the foundation and employs linear elastic elements. Two 2D-mod-
els are prepared for each building, one with distributed-plasticity elements and another 
with lumped-plasticity ones. The former accurately predicts the structural response at 
lower intensities, since it can capture phenomena such as concrete cracking and the gradual 
plastification of sections. On the contrary, the lumped-plasticity model can better repro-
duce the post-capping behaviour of the structure, but at the same time it cannot easily cap-
ture the pre-yield segment. Still, it is far less complex and numerically more robust, thus 
there is incentive in employing a lumped-plasticity model that is also reasonably accurate 
in the pre-yield segment for all dynamic analyses.

6.2.1  Distributed‑plasticity model

Τhe beams and columns of the distributed-plasticity model are realized as force-based 
elements that are discretized into longitudinal steel and concrete fibers. The fiber sec-
tion representation is monitored at five integration points along the member length. The 
unconfined concrete of the cover is modelled via a uniaxial nonlinear law (Concrete01 in 
OpenSees) proposed by Kent and Park (1971) and Scott et al. (1982), and the confinement-
related parameters are calculated for the concrete core on the basis of Mander et al. (1988). 
The steel rebars are modeled by employing a bilinear constitutive law that accounts for 
pinching and stiffness degradation. It should be noted that for performance assessment the 
material strengths are set at their expected values rather than their nominal characteristic 
strengths, i.e., fce = 6.5ksi (45 MPa) for the concrete and fye = 69ksi (476 MPa) for the steel 
reinforcement.

The rigid diaphragm is simulated by employing horizontal stiff truss elements connect-
ing all the beam-column joints at each floor level. In addition, low-stiffness axial “buffer” 
springs are added to connect one end of each beam to the column. These allow the beams 
to stretch axially, removing the condition of zero axial strain that would normally result 
from applying rigid kinematic constraints on both beam ends; these would otherwise result 
in fictitious axial compressive forces that would artificially increase the beams’ moment-
rotation capacity (e.g., see Barbagallo et al. 2020).

6.2.2  Lumped‑plasticity model

In the lumped-plasticity model, the beams and columns are modelled using a single force-
based beam-column element per member with concentrated plastic hinges at both ends. 
The moment-rotation relationship for each hinge is based on the generalized backbone 
curve of ASCE/SEI 41–13 (ASCE 2013), originally defined as piecewise linear with five 
corner points: Point A is at the origin, B at yield, C at maximum strength (capping), D at 
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the start of the residual plateau, and E at ultimate failure. The moment at point B is approx-
imately estimated through moment–curvature analysis of the actual fiber section instead of 
using respective formulas. For the moment–curvature analysis, the axial force is set equal 
to zero for the beams and equal to the gravity loads for the columns. ASCE/SEI 41–13 
acceptance criteria for Immediate Occupancy (IO), Life Safety (LS) and Collapse Preven-
tion (CP) are employed for all the beams and columns of the five moment-frames (see also 
Aschheim et al. 2019).

Regarding the initial stiffness of beams and columns, the code typically suggests reduc-
ing the gross stiffness properties to account for concrete cracking. For instance, ASCE-
SEI 41–13 adopts the 0.3EIg approximation for non-prestressed concrete beams and 0.3 
or 0.5EIg for concrete columns, depending on the level of the design axial load acting on 
the member, where E is the Young’s modulus of concrete and Ig is the moment of iner-
tia of the gross section. However, such conservative estimates may introduce inaccuracies 
in cases where unbiased results should be sought, such as in performance-based seismic 
design or in performance assessment. For this reason, the elastic stiffness of the inter-
nal part of each beam-column element is modified so that the pre-yield behaviour of the 
lumped-plasticity model better matches that of the distributed-plasticity model. Specifi-
cally, the moment of inertia employed in beams and columns is set equal to the average of 
the initial “uncracked” stiffness and the nominal “cracked” stiffness at yield, as derived by 
moment–curvature analysis.

This modification of individual member stiffness allowed for better matching the period 
and stiffness of the lumped and distributed plasticity models. A comparison of the funda-
mental periods of the lumped-plasticity models employing section-based member stiffness 
versus the distributed-plasticity ones appears in Table 3. Although the lumped-plasticity 
models still retain somewhat higher periods, they match well enough the effective (rather 
than the initial) period of the distributed plasticity model. This is surely expected to reduce 
discrepancies in model response at low-to-moderate levels of deformation. Furthermore, as 
discussed in De Luca et al. (2013), a closer matching of periods is conducive to achieving 
better overall accuracy in performance assessment, even close to near-collapse.

The pushover curves of the distributed-plasticity and the lumped plasticity models are 
shown in Fig. 3 for all design approaches. The effect of the stiffness modification is obvi-
ous in the matching of the pre-yield segments of the pushovers, although for the CA and 
CB cases the drift at yield is slightly underestimated. It should be noted that the difference 

Fig. 2  The 10%/50yrs UHS for 
San Jose (red dash-dotted line) 
plotted against the corre-
sponding ASCE 7–10 design 
spectrum (blue solid line). The 
modified UHS for the MB frame 
(black dashed line) is produced 
by uniformly scaling the site-spe-
cific UHS (red dash-dotted line) 
to match the Sa(0.97 s) value of 
the code spectrum
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in the post-yield hardening of the code-based versus the section-based lumped plasticity 
models is attributed to the modified stiffness of the members in the latter as a result of 
the calibration process. In addition, the distributed plasticity model does not incorporate 
some definite loss of strength or limiting deformation/rotation in its members, as it is only 
meant to be used for calibration in the pre-yield range. The resulting OpenSees models 
for all frames can be found in Chatzidaki (2022). Furthermore Fig. 4 compares all design 
approaches in terms of the static pushover capacity curve of the final lumped-plasticity 
model (with stiffness based on section analysis). First of all, the results clearly support the 
constant yield displacement hypothesis (Aschheim 2022). Actually, all five capacity curves 
look like scaled versions of each other, having more or less the same yield, capping, and 
ultimate points, but different base shear strengths. As expected, the ultra-optimized frame 
CB is inferior to all, with the more realistic CA design following. Then come the MA/MB/
MC designs, in that order, clearly showing the effect of stricter performance criteria, and 
perhaps of more accurate approaches to verify their fulfilment.

6.3  Performance assessment results

The final lumped-plasticity model of the structure is subjected to Incremental Dynamic 
Analysis (IDA, Vamvatsikos and Cornell 2002) to estimate the system’s fragility curves. 
The far-field ground motion set of FEMA P-695 (FEMA 2009b) is used for the dynamic 
analyses; it comprises of 22 ground motions, each having two horizontal components, thus 
resulting in 44 accelerograms. Each time-history is individually applied to the 2D-model 
of the MRF to assess its performance. IDA results are characterized by two scalars: the 
IM, which represents the seismic intensity of the record, and the EDP, which monitors the 
structural response. For each design approach, we examine its ability (i) to fulfil the global 
POs targeted in the design, and (ii) to satisfy local member-level POs mandated by ASCE 
41–13 as well as Global Collapse and θmax = 2%. In all cases, the IM is selected to be the 
5% damped first-mode spectral acceleration, Sa(T1,5%). The EDP adopted in each case 
depends on the PO that is examined. Specifically, when examining the deformation limits 
or Global Collapse θmax is adopted; for checking the global ductility limit, the roof drift 
ratio, θroof, is used instead. Regarding the member-level EDPs, the plastic hinge rotations 
are recorded for beams and columns. For simplicity in checking, since the plastic hinge 
rotation capacities are not constant among the columns and beams of an MRF, the maxi-
mum demand to capacity ratio, DCR, is adopted as the pertinent EDP (Jalayer et al. 2007).

Table 3  Fundamental periods of 
the distributed-plasticity models 
(Tdistributed) versus the lumped-
plasticity ones with section-based 
stiffness (Tlumped) for all design 
approaches

Design approach Tdistributed (s) Tlumped (s)

CA 0.78 0.98
CB 0.96 1.20
MA 0.85 1.05
MB 0.79 0.97
MC 0.65 0.79
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6.3.1  POs specific to MA, MB, and MC designs

The acceptability of the POs that were set when designing the MA MRF is firstly exam-
ined, i.e., the ductility limit of 3.6 with a MAF threshold of 2%/50yrs (or equivalently 
4.04·10−4) and θmax = 2% with a MAF threshold of 10%/50yrs (or equivalently 0.0021). 
A confidence level of 50% is adopted for both POs as implicitly assigned during the 
design. The resulting MAF of exceeding θmax = 2% equals 0.0018 that is lower than the 
MAF threshold of 0.0021, thus this PO is successfully met. On the contrary, MA fails 
to satisfy the ductility capacity limit as the MAF of exceeding this PO is estimated at 
9·10−4 that is higher than the MAF threshold of 4·10−4. To the extent that we may gen-
eralize, this indicates that intensity-based design approaches can fail to conform with 
targeted limit states, especially when one seeks acceptable performance beyond the LS 
territory where the corresponding uncertainties become substantial.

For the MB MRF the acceptability of θmax = 2% is examined at 68% confidence, with 
the resulting MAF being 0.0015, which is lower than the MAF threshold of 0.0021. 
Thus, this explicitly-targeted PO is successfully met, as shown in Table 4. Regarding the 
MC MRF, three different POs were targeted during design. The ductility limit of 1.5 and 
the θmax = 2% threshold are easily met (Table 4). The Global Collapse limit-state merits 
some careful discussion. The IDA analysis results in terms of Sa(T1,5%) – θmax are pre-
sented in Fig. 5, where the grey circles show the values indicating collapse that are used 
to estimate the corresponding fragility curve. In our case, its median value equals 1.86 g 
and the dispersion (or log-standard deviation) is 33%. First, note that any θmax value 
higher than 5% can be employed as a nominal collapse threshold, as all IDAs have prac-
tically flatlined. Second, the resulting MAF of exceeding collapse is 6·10−4 > 2.01·10−4, 
thus this PO does not seem to be satisfied.

However, it is important to consider that the simple amplitude scaling of IDA as well 
as the Sa(T1,5%) adopted as the IM may not allow capturing the appropriate spectral shape 
of high intensity ground motions (Baker and Cornell 2006; Luco and Bazzurro 2007); this 
typically results in conservative MAF estimates for Global Collapse (Dávalos and Miranda 
2019). For this reason, the spectral shape factor of FEMA P-695 (FEMA 2009a) can be 
employed to adjust the median of the collapse fragility upwards. For instance, for a system 
ductility estimated at the point of 20% loss of maximum strength per the MC capacity 
curve of Fig. 3, i.e., for μ = δu(80%Vmax)/δy,eff = 0.52 m/0.09 m = 5.8, period T1 ≈ 0.80 s, and 
assuming Seismic Design Category  Dmax, Table 7-1b of FEMA P-695 suggests SSF = 1.34. 
The adjusted Global Collapse fragility has a median value of 1.34∙1.86  g = 2.49  g and 
retains the same log standard deviation of 33%. This results in an improved MAF esti-
mate of 0.00019, which now meets the PO of 0.000201. Of course, better methods can be 
followed for achieving an unbiased assessment for Global Collapse (e.g., Lin et al. 2013; 
Kohrangi et al. 2017) or for any other POs where higher accuracy is sought. For our pur-
poses, though, the FEMA P-695 approach is adequate, especially since it was based on the 
same ground motion set employed herein as well as similar California sites.

6.3.2  POs shared by all designs

For all design approaches we shall examine in a uniform manner the acceptability of plas-
tic hinge rotations for IO, LS and CP limit states, for θmax = 2%, and for Global Collapse, 
aiming to test the performance of different design approaches along common criteria.
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For instance, the IDA results in terms of Sa(T1,5%)—DCR for beams are shown in 
Fig. 6 for LS and the MA frame. The MAF of exceeding DCR = 1.0, i.e. of demand exceed-
ing capacity, is estimated by fitting a lognormal fragility curve to the Sa(T1,5%) values 
corresponding to this DCR limit (grey points in Fig. 6). At a confidence level of 50%, the 
resulting exceedance MAF is 0.0017, i.e., lower than the limit of 0.0021. Such a confidence 

Fig. 3  Static pushover capacity curves using a first-mode load pattern for all design approaches for the dis-
tributed- and the lumped-plasticity models. For the latter, results for code-based element stiffness versus 
section-based element stiffness are shown. The effect of using section analysis to determine the initial stiff-
ness is obvious in the matching of the pre-yield segments



Bulletin of Earthquake Engineering 

1 3

level essentially discards the effect of uncertainties. A stricter confidence of 70% would 
result in a MAF of 0.0024, which is higher than the limit of 0.0021, thus indicating failure 
to meet the PO. The maximum confidence where this PO is successfully met rests at 62%. 
For simplicity, the MAF value at 50% confidence together with the maximum achievable 
confidence level for success are presented in Table 5 for all POs. Indicatively, a bold type-
face font is used to mark all those cases that cannot reach some common confidence limits, 
i.e., 90% for Global Collapse and 70% for all other limit states.

The CA frame, which by design exceeds the minimum code requirements, fails to pass 
Global Collapse but it successfully passes all other POs at 50% confidence. When stricter 
confidence levels are sought, it also fails to pass CP for beams and columns as well as 
θmax = 2%. The CB MRF, which meets the code requirements as closely as possible, at 
the 50% confidence level fails to pass Global Collapse and θmax = 2%, while the computed 
MAFs of exceeding CP for beams and columns nearly equal the target MAFs. When 70% 
confidence is sought instead, the MRF fails to pass CP for beams and columns, as well 
as LS for beams. The MA moment-frame successfully passes all POs at 50% confidence, 
while it fails to pass LS for beams and θmax = 2% when 70% confidence is adopted, and 

Table 4  Acceptability of POs targeted in the design of the MA/MB/MC MRFs

† First value is as estimated, second value includes FEMA P-695 bias correction

Design approach Limit-state θmax = 2% Ductility = 1.5 Ductility = 3.6 Global  collapse†

Target MAF 0.0021 0.0139 4.04∙10−4 2.01∙10−4

MA Confidence 50% 50%
MAF 0.0018 ✓ 9∙10−4 ×

MB Confidence 68%
MAF 0.0015 ✓

MC Confidence 70% 70% 90%
MAF 0.0009 ✓ 0.0047 ✓ 6∙10−4 ×

1.9∙10−4 ✓

Fig. 4  Static pushover capacity 
curves of the lumped-plasticity 
models (section-based stiffness) 
for all design approaches
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Global Collapse at 90% confidence. In general, the success or failure at POs which were 
not specifically included in the design process is clearly a toss-up. For POs that are related 
to the design POs, one can expect a favorable outcome. For other less-related ones, such as 
the Global Collapse of MB, the comparison may end up either way. In this case, the result 
was unfavorable. By explicitly including said PO in the design of MC, this uncertainty was 
clearly removed. The MB MRF successfully passes all POs at 50% and 70% confidence, 
yet it fails to pass Global Collapse at 90%. In general, success or failure can be a toss-up for 
POs that were not explicitly included in the design process. For POs that are closely related 
to the design ones, we can expect a favorable outcome. For other less-related ones, such as 
the Global Collapse of MB, the comparison may end up either way. In this case, the result 
was unfavorable. By explicitly including said PO in the design of MC, this uncertainty is 
removed. Ultimately, only the MC MRF successfully passes all POs at all examined confi-
dence levels.

7  Concluding remarks

Five different design approaches are compared for a 4-story moment-resisting frame 
building. Three of them offer code-compatible solutions, with the first two having been 
designed on an intensity&force-basis, while the third is designed by employing an 
intensity&displacement-based procedure via the YPS. The remaining two follow a perfor-
mance/displacement-based design via the YFS to offer solutions that can satisfy any set of 
predefined POs.

When performance assessment is performed on the five designs, all intensity-based 
designs fail to meet Global Collapse POs and maximum interstory drift limits. Still, they 
largely meet IO, LS and CP objectives for beam and column rotations, especially when 
discarding the effect of additional uncertainties. On the contrary, performance-based 
approaches based on the YPS and the YFS allow designing structures that actually conform 
with pre-defined POs at the desired level of confidence without requiring many iterations 
during the design process as they rely on an initial estimate of the building’s yield displace-
ment that can be easily quantified if the geometry and material properties are known. Still, 

Fig. 5  IDA results of the MC 
frame in terms of Sa(T1,5%)—
θmax used for estimating the mean 
annual frequency of exceeding 
Global Collapse
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the aforementioned conclusions have only been tested on a 4-story building with regular 
plan and elevation; whether they hold for more complex structures and especially at limit 
states beyond LS territory is less certain. Still, we may derive some confidence in that 
such results concur with the conclusions reached by other prominent studies, such as by 
Sinković et al. 2016; Shahnazaryan and O’Reilly 2021; Shahnazaryan et al. 2022; Van der 
Burg et al. 2022; Gentile and Calvi 2023, who broadly agree that the effort expended in a 
performance/risk-based approach is generally rewarded by consistent conformance to the 
stated performance objectives, be they response or loss based. Naturally, tackling structures 
of higher complexity, at least for the YPS- and YFS-based approaches, would also increase 

Table 5  Exceedance MAFs for beam and column plastic hinge rotations, interstory drift ratio of 2%, and 
Global Collapse for all designs, estimated at the 50% confidence level. The maximum confidence that can 
be requested in achieving each PO is also noted inside the parentheses. A bold typeface font is used for all 
those cases that cannot reach 90% confidence for Global Collapse and 70% for other limit states

† First value is as estimated, second includes FEMA P-695 bias correction; displayed confidence corre-
sponds to the latter value

Design approach Global  collapse† θmax = 2% Beams Columns

IO LS CP IO LS CP

target MAF 2.01∙10−4 0.0021 0.0139 0.0021 0.0010 0.0139 0.0021 0.0010
CA 6.96∙10−4/2.52∙10−4 

(40%)
0.0017
(62%)

0.0040
(> 99%)

0.0010
(84%)

0.0008
(62%)

0.0067
(94%)

0.0009
(88%)

0.0008
(60%)

CB 9.50∙10−4/4.04∙10−4 
(20%)

0.0027
(35%)

0.0071
(94%)

0.0015
(69%)

0.0010
(50%)

0.0056
(98%)

0.0012
(82%)

0.0010
(50%)

MA 3.94∙10−4/1.32∙10−4 
(66%)

0.0018
(60%)

0.0098
(80%)

0.0017
(62%)

0.0006
(75%)

0.0038
(> 99%)

0.0005
(98%)

0.0004
(85%)

MB 2.96∙10−4/0.92∙10−4 
(77%)

0.0011
(83%)

0.0080
(89%)

0.0009
(88%)

0.0004
(88%)

0.0029
(> 99%)

0.0004
(98%)

0.0003
(92%)

MC 1.68∙10−4/0.46∙10−4 
(91%)

0.0006
(95%)

0.0046
(> 99%)

0.0004
(96%)

0.0002
(96%)

0.0035
(> 99%)

0.0003
(> 99%)

0.0002
(97%)

Fig. 6  IDA results in terms 
of Sa(T1,5%)—DCR used for 
estimating the mean annual 
frequency of exceeding DCR = 1 
for beam plastic hinge rotations 
at the LS limit state of the MA 
moment-frame
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the effort in terms of design/analysis iterations due to the SDOF proxy employed in both 
methods. Still, it would not decrease the fidelity of the results thanks to the rigorous perfor-
mance assessment used for the final design validation.
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