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1. ABSTRACT

In the seismic-design of steel buildings in North America, the gravity framing system is
considered ineffective in resisting lateral loads. However, past analytical and experimental
studies showed its considerable flexural resistance that may contribute to the overall
system overstrength. This paper discusses the effect of the gravity framing system on the
overstrength and collapse risk of steel frame buildings designed with special moment
frames (SMFs) in the United States. Numerical models are developed for five archetype
buildings with heights ranging from 2 to 20 stories. The current code-based overstrength
factor, specified for buildings with SMFs, is assessed. The collapse risk is also evaluated
through nonlinear response history analysis. The results show that a static overstrength >
3.0 (code-based value) is only achieved when the composite action and the gravity framing
are considered in the analytical model. The dynamic overstrength factor is > 3.0 for all
buildings due to the dynamic amplification of story shear forces regardless of the gravity
framing effect. This indicates that a different approach to define the overstrength may be
used in future seismic provisions. Finally, it is shown that a probability of collapse less
than 1% in 50 years can be achieved if SMFs are designed with strong-column-weak-beam
ratios larger than 1.5.
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2. INTRODUCTION

In the seismic design practice of steel buildings in North America, the lateral force
resisting systems (LFRS) such as steel special moment frames (SMF) are typically placed
at the perimeter of the building. The SMFs are designed to solely resist the lateral forces
exerted on the building. On the other hand, the gravity loads are supported by an interior
gravity framing system. This system is designed with beam-to-column shear-tab
connections with theoretically negligible flexural strength. Past experimental studies [1]
showed that simple shear-tab connections could have considerable flexural capacity
reaching up to 50% of the plastic flexural capacity of the corresponding gravity beam.
Prior studies [2, 3] have investigated the effect of the gravity framing system on the static
and dynamic behaviour of steel frame buildings. These studies showed that considering the
gravity framing in the analytical model can increase both the lateral stiffness and strength
and mitigate the lateral drifts of the LFRS.

Prior studies of archetype buildings with perimeter SMFs [4] showed that the calculated
static overstrength factors from pushover analysis can vary considerably from the
overstrength specified by ASCE/SEI 7-10 [5], ,=3.0. This requires a more comprehensive
evaluation of the overstrength of SMFs considering the contribution of the gravity framing
system, as well as, the collapse risk of the same frame buildings when they are subjected to
extreme earthquakes. In this paper, a comprehensive analytical study is conducted on
archetype steel buildings with perimeter SMFs with heights ranging from 2 to 20 stories.
Nonlinear static and response history analysis through collapse are used to investigate the
effect of the gravity framing system on the overstrength and the collapse risk of SMFs.

3. NUMERICAL MODELING OF ARCHETYPE BUILDINGS

Five archetype steel buildings with perimeter SMFs and heights ranging from 2, to 20
stories are utilized. The archetype buildings are located in urban California. The perimeter
SMFs are designed with fully restrained reduced beam section (RBS) moment connections.
The interior gravity framing system is designed with conventional single-plate shear tab
connections. Details about the design aspects of the archetype buildings can be found in [6,
7]. Figures 1(a) and 1(b) show the typical plan view of the archetype building and the
elevation of the perimeter SMF of the four-story for reference, respectively.

The perimeter SMF in the EW direction of each archetype building is modeled in
OpenSEES [8] using a concentrated plasticity approach. The modified Ibarra-Medina-
Krawinkler (IMK) hysteretic model [9] is used to simulate the hysteretic response of the
SMF’s fully restrained RBS connections with/without the presence of the concrete slab.
This model is able to simulate the asymmetric behaviour of composite connections and the
cyclic deterioration in strength and stiffness as shown in Figure 2(a). The input parameters
for the backbone curve and the deterioration parameters of the modified IMK model are
obtained based on [9] for bare steel components and based on [6] for composite beams.

The interior gravity framing system shown in Figure 1(a) is modeled using an equivalent
gravity frame [3], which is a one bay frame connected to the SMF by axially rigid truss
links (see Figure 1(b)). This frame has strength and stiffness properties equivalent to those
of the interior gravity framing system of the entire frame building. The beam-to-column
connections of the equivalent gravity frame simulate the hysteretic behaviour of the simple
shear-tab connections of the interior gravity frame. For this purpose, the Pinching4



hysteretic model [10] is employed. This model simulates a pinched force-deformation
hysteretic response as expected from a typical shear-tab connection as shown in Figure
2(b). The input parameters of the Pinching4 model are obtained as proposed by [7].

For each archetype SMF, four different analytical model configurations are defined: (a)
considering only the bare steel properties of the SMF (i.e., B model); (b) considering the
composite slab effect when modelling the SMF (i.e., C model) (c) considering the bare
gravity frame in the analytical model (i.e., BG-model) (d) considering both composite slab
and the gravity framing in the analytical model (i.e., CG model).
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Fig. 1 (a) Plan view of the archetype building; (b) elevation view of the four-story perimeter SMF showing
the equivalent gravity frame
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Fig. 2 (a) Modified IMK model calibrated with composite beam with RBS (experimental data from [11]); (b)
Pinching4 model calibrated with composite shear-tab connection (experimental data from [1])

4 STATIC NONLINEAR ANALYSIS (PUSHOVER)

The first-mode period (T1) of the four analytical models for each archetype building in the
EW loading direction are summarized in Table 1 together with the static overstrength
factors Qs for the frame buildings under consideration. A nonlinear static analysis (i.e.,



pushover analysis) is performed for this purpose using the first-mode lateral load pattern of
each frame under consideration. Figure 3(a) shows the pushover curves for the four
analytical models of the four-story buildings in the EW-loading direction. The pushover
curve is plotted in terms of the base shear force Vi, normalized by the seismic weight W,
versus the roof drift ratio 6,=0,/H, where ¢, is the lateral displacement of the roof and H is
the total height of the building. Figure 3(a) shows that the gravity framing increases the
lateral force capacity of the frame buildings. The CG models develop an average base
shear capacity nearly 50% higher than that of the B models.

No. of Stories T [sec] £
C BG CG B C BG CG
2 0.88 0.81 0.82 0.76 2.98 3.48 3.51 4.66
4 1.51 1.37 1.38 1.25 1.75 2.00 2.21 2.95
8 2.00 1.82 1.89 1.72 2.63 3.13 2.89 3.71
12 2.70 2.46 2.58 2.35 2.09 2.52 2.25 2.92
20 3.44 3.17 3.35 3.08 1.89 2.27 2.02 2.59

Table 1. First-mode period and static overstrength factors for archetype steel buildings
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Figure 3. (a) Comparison of pushover curves for the different analytical models of the four-story steel frame
building in the EW-loading direction; (b) static overstrength factor versus first-mode period for the different
analytical models of all archetype buildings

This strength increase can be further evaluated using the static overstrength factor ().
This factor is defined as the ratio of the maximum base shear force Vmax to the design based
shear force Vgesign as illustrated in Figure 3(a) for the CG model. From Table 1, based on
bare SMFs (i.e., B model), the computed overstrength factors are lower than the
overstrength value, Q,=3.0, specified by the current seismic code provisions in the US [5]
for frame buildings that utilize perimeter steel SMFs. The value of the overstrength factor
increases when either the gravity framing or the composite slab is considered in the
analytical model. Except for the twenty-story building, the steel frame buildings in the
EW-loading direction achieve an overstrength > 3.0 when both the composite slab and the
gravity framing are considered. This is also shown in Figure 3(b) where the static
overstrength factor is plotted versus the first-mode period for each analytical model. This
figure demonstrates the static overstrength dependency with respect to the frame’s first-



mode period. As expected, lower overstrength factors are associated with taller buildings.
The adequacy of the static overstrength factor as an accurate measure of the force demands
that can develop in force-controlled components during earthquake shaking is questionable
due to its large variability [4]. Consequently, the overstrength of the same archetypes is
further evaluated in the next section based on nonlinear response history analysis.

5 NONLINEAR RESPONSE HISTORY ANALYSIS

Incremental dynamic analysis (IDA) [12] is conducted for each analytical model using the
44 Far-Field ground motion set and scaling procedures specified in FEMA P695 [13].
Each ground motion is scaled incrementally until dynamic collapse occurs. Collapse occurs
when a number of stories displace significantly and the story shear capacity reaches zero
due to increased P-Delta effects accelerated by structural component deterioration in
strength and stiffness. In order to address the overstrength issue discussed in Section 4, the
dynamic overstrength factor is employed. This factor is defined as the ratio of the
maximum dynamic base shear to the design base shear for each frame. Figure 4(a)
illustrates the definition of the dynamic overstrength for the CG model of the four-story
steel frame buildings when subjected to the “SAHOP Casa Flores” record of the 1979
Imperial Valley earthquake scaled to collapse. Figure 4(b) shows the ratio of dynamic to
static overstrength factor versus the first-mode period of the archetype buildings under
consideration. This figure shows that the dynamic to static overstrength ratio is higher at
larger periods (i.e., taller buildings) than that observed in shorter periods. This is attributed
to the dynamic higher-mode effect that amplifies the story shear forces compared to
pushover analysis that is based on a first-mode lateral load pattern.
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Figure 4. (a) Normalized base shear force versus first story drift ratio at collapse intensity for the CG model
of the four-story frame buildings in the EW-loading direction; (b) ratio of dynamic to static overstrength
factor versus first-mode period for the different analytical models of all archetype buildings

4.3 COLLAPSE RISK ASSESSMENT

The collapse risk of the archetype frame buildings is evaluated using the mean annual
frequency of collapse (). The mean annual frequency of collapse is an accurate collapse
metric that takes into consideration all the spectral intensities that contribute to collapse
risk of a frame building. The mean annual frequency of collapse is calculated by
integrating the fragility curve (obtained from the IDA) over the corresponding seismic



hazard curve as discussed in [6, 14]. The seismic hazard curves are obtained from the
USGS website.

Figure 5 shows a dual plot where the values of /. and the corresponding probability of
collapse in 50 years P.(50 years) are plotted against the strong-column-weak-beam
(SCWB) ratio implemented in the design for the CG models of all archetype in the EW-
loading direction. Figure 5 shows that mid-rise frame buildings (i.e., 4 to 12 story) designed
according to the current seismic provisions in the US [15] with SCWB ratio > 1.0 achieve a
probability of collapse in 50 years larger than the 1% limit specified by [5]. Furthermore, a
recent study by the authors [6] demonstated that SMFs designed with SCWB ratio > 1.0
experience bottom story collapse mechanisms as well as excessive panel zone shear
distortion that could lead to weld fractures in fully restrained beam-to-column connections,
when the composite slab is considered. Based on the same study, a SCWB > 1.5 should be
implemented in the seismic design of SMFs in order to avoid the aforementioned problems
and to achieve an acceptable probability of collapse. This is demonstrated in Figure 5
where buildings with SMFs designed with SCWB ratio > 1.5 achieve a probability of
collapse lower than 1% in 50 years, considering both the composite slab and gravity
framing effect. Furthermore, SMFs designed with SCWB ratio > 2.0 achieve a uniform
probability of collapse of about 0.25% in 50 years in average.
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Figure 5. Mean annual frequency of collapse and the corresponding probability of collapse in 50 years
versus SCWB ratio for the CG models of all archetype frame building in the EW loading direction

5. SUMMARY AND CONCLUSIONS

This paper discusses the effect of the gravity framing system on the overstrength and the
collapse risk of steel buildings with perimeter SMFs designed in highly seismic regions in
North America. Five archetype buildings with heights ranging from 2 to 20 stories are
analysed using nonlinear static and response history analysis. The main conclusions from
this study are summarized as follows:

e A static overstrength factor larger than 3.0 is only achieved for all archetype
buildings when both the composite slab and the gravity framing system are
considered as part of the analytical model.

e The dynamic overstrength factor for the B models is larger than 3.0. For the CG
models, the dynamic overstrength is in average equal to 4.0 without any period
dependency.



Low to mid-rise SMFs designed with SCWB ratio > 1.0 achieve a probability of
collapse in 50 years larger than the 1% limit specified by the current seismic
provisions [15] even when the gravity framing system is considered as part of the
analytical model. A SCWB ratio > 1.5 seem to be effective in terms of reducing the
probability of collapse for such buildings over a period of 50 years less than 1%.
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IHEPIAHYH

Koatd tov avticelopikd oyedlacpid HETOAMK®OV KTipiov 6T fOpela APEPIKT, | GLVEIGPOPA
TOV UETOAMKOV TAGI®V Tov @EPOLV To. PopTia Papdtntag oTnv mopaAafn GEGUIKOV
dpboecwv Beswpeitar apeintéo. Tolootepa mepapatikd dedopéva Exovv dei&el OTL TaL
TAOIoL VT €YOLV GNUOVTIKY] OVIOYN OE KAUWN HE OMOTEAEGUO VO GLVEICOEPOLV
ONUOVTIKA GTNV LAEPAVTOYN €VOC petaAlkov ktipiov. H epyoacio avtn peietd v
GLVEIGQOPE UETOAMKOV TAoGiwV PapdTntag 6NV VIEPAVTOYX UETOAMKAOV KTipiov LE
mlaiclo Kapyng onwg oxedtdloviar otic Hvopéveg TloMrteieg Apepucng (HITA). H perém
Baciletar oe apOunTikd mposopodpaTe TPOTLIOV UETOAAMKOV KTipiov and 2 emg 20
opopovg. H mpotewvdpevn vepavtoyn pe PAon Tov OUEPIKAVIKO OVTIGEICHKO KOVOVIGULO
Yl LETOAAKA KTiplo, OTMG KOl 1) GLVEIGPOPA TV TANIGI®V PopdTNTag GTNV ATOPLYY| TNG
CEICUIKNG KATAPPELONG TOV KTIPi®V Lo dlepedvnon aloloyeiton pe n ypnon un
YPOUUKNG OTATIKNG Kol OLVOUIKNG OvVAAVoNG HE XPoviKn oAlokAnpwon. Me Bdaon 1o
OTOTEAECLOTA, 1) VITEPAVTIOYT TOL TPOKVATEL LUE YPNOTN OTATIK®V HeBOOWV avdivong eivar
LEYOADTEPN OO TNV TPOTEWOUEVN T HE PAom ToV Kavoviopd povo otnv mepintmon
omov ta TAaicta PapyuTNTag Kot 1 GOUUIKTN dpdon AapPdavovtal vrdyn 610 aplBunTIKo
TPOCOUOIMLO TOV €kdoTOTE PETAAAKOD KTipiov. H vrepavtoyr| mov mpokvdmtel pe ypron
UN YPOUUK®V SUVOIKOV LeBOd®mV avaAvong elval peyoAdTepN amd TNV TPOTEWVOUEVN TIUN
TOV KOVOVIGHOU Yo OA0 Ta KTipto mov avoAbOnkay akdpo Kol oty mepinT®on Omov n
oLVVEISPOPE TV TAoGioV Paputntag dev Aaufdavetor vwdym oty moparafn TV
ocelolk®V Opdoemv. Télog, 1 mBovOTNTO CEIGHIKNG KATAPPELONG TOV KTIPi®V 7OV
eCetdotnrov  glvor  pikpdtepn omd To emMTPENTO Oplo peE PACN TOV  OUEPIKAVIKO
OVTIGEICUIKO KOVOVICUO, HUOVO OTNV TEPIMTMON OMOL GTOV 1KOVOTIKO EAeyyo KOUPwv
VTOGTUVAMUATOV TOV UETOAMK®OV TAAICIOV KAUYNG, 0 AOY0G avtoyng o€ KAUWYN TV
VTOCTUAMUATOV GE OYECN WE TNV OVIIGTOYN OvToyN] O€ KApYM TV d0oK®V Eglval
peyoAvtepog amod 1.5.
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