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SUMMARY

Steel self-centering moment-resisting frames (SC-MRFs) are a class of resilient structural
systems that avoid damage in beams and eliminate residual drifts under the design basis
earthquake. In this paper, a building is designed using SC-MRFs or conventional steel
moment-resisting frames (MRFs) and the monetary losses of both cases are compared with
the aid of the FEMA-P58 methodology. The latter is a performance-based earthquake
engineering methodology based on explicit determination of performance (e.g. monetary
losses) in a probabilistic manner, where uncertainties in earthquake ground motion, structural
response and losses are considered. The results show that SC-MRFs have significantly
improved performance compared to conventional MRFs and result in lower seismic losses.
The results also highlight the importance of considering residual drifts as a demand parameter
controlling whether a building is repairable or needs to be demolished in the aftermath of a
strong earthquake.
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1. INTRODUCTION

Conventional steel moment-resisting frames (MRFs) are designed to sustain significant
inelastic deformations in main structural members under the design basis earthquake (DBE;
475 years return period). Inelastic deformations result in damage and residual drifts, and so,
in economic losses such as repair costs and downtime (time duration for repairs
corresponding to loss of function). Steel self-centering moment-resisting frames (SC-MRFs)
using post-tensioned (PT) beam-column connections are a new type of resilient structures.
The advantage of SC-MRFs against conventional MRFs is the elimination of beam inelastic
deformations and residual drifts as the result of gap opening developed in beam-column
interfaces and elastic PT bars which clamp beams to the columns and provide self-centering
capability. PT connections use yielding-based [1, 2 and 3] or friction-based [4, 5] energy
dissipation devices which are activated when gaps open and can be easily replaced if
damaged. A new PT connection using web hourglass shape pins (WHPs) has been recently
developed and validated both experimentally and numerically in [1, 2 and 3]. Recent work
has shown that steel SC-MRFs using PT connections with WHPs have superior collapse
resistance compared to conventional steel MRFs [2].

The recent FEMA P-58 report [6] presents a methodology to assess the seismic performance
of buildings based on their site, structural, non-structural, and occupancy characteristics.
Performance is expressed in terms of the probability of incurring casualties, repair and
replacement costs, repair time, and unsafe placarding. In this paper, the FEMA P-58
methodology is applied to a prototype building designed using conventional steel MRFs or
SC-MRFs. An immediate comparison in terms of cost is conducted between the two
structural systems and the ability of the SC-MRF to eliminate residual drifts and decrease
seismic losses is highlighted.

2. SC-MRFs USING PT CONNECTIONS WITH WHPs

Figure 1(a) shows an exterior PT connection with WHPs. Two high strength steel bars
located at the mid depth of the beam, one at each side of the beam web, pass through holes
drilled on the column flanges. The bars are post-tensioned and anchored to the exterior
columns. WHPs are inserted in aligned holes on the beam web and on supporting plates
welded to the column flanges. Energy is dissipated through inelastic bending of the WHPs.
The beam web and the beam flanges are reinforced with steel plates.
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Figure 1. (a) Exterior PT connection with WHPs; (b) Gap opening in beam-column interface;
(c) M-6 behavior of the PT connection with WHP

The connection behavior is characterized by gap opening and closing in the beam-column
interface as a result of the re-centering force in the PT bars. Figure 1(b) shows the gap
opening mechanism in the connection where dy, and dy, are the distances of the upper and
lower WHP from the center of rotation (COR), respectively; d is the distance of the PT bars
from the COR; Fpr is the total force in both PT bars; Fwupu and Fwup, are the forces in the
upper and lower WHPs, respectively; and Cg is the compressive force on the beam-column
bearing surface. Figure 1(c) shows the theoretical cyclic moment-rotation (M-6) behavior of
the PT connection with WHPs.

A seismic design process for SC-MRFs using PT connections with WHPs within the
framework of Eurocode 8 [7] has been recently proposed in [2]. Performance levels are
defined with respect to the interstorey drift ratios (IDR), residual interstorey drift ratio
(RIDR) and limit states in the PT connections. The design procedure involves sizing of the
connection components (e.g. PT bars, WHPs, reinforcing plates) to achieve a target
connection performance.

Models for SC-MRFs using PT connections with WHPs have been proposed in [2, 3]. In this
work, a simplified model has been adopted where the M-8 behaviour of the PT connection is
simulated by inserting 2 rotational springs in parallel at the beam ends. These rotational
springs simulate the contribution of the WHPs and the PT bars on the overall rotational
behavior of the PT connection.

3. LOSS ESTIMATION PROCEDURE

The seismic loss of a building is split into three distinct types according to [6]: (a) structural
losses for damage in the load-carrying members of the structure; (b) non-structural loss for
damage to non-load carrying components such as partitions, piping systems, etc.; and (c)
contents’ loss [14]. These types of seismic loss are assessed using component fragility
functions parameterized on the engineering demand parameters (EDP) (i.e. IDR, peak floor
accelerations, PFA). Following the procedure in [6], at each seismic intensity measure (IM)
each component has a certain probability of being in any of its damage states (DS), which is
in turn associated with a probabilistic cost function. Summing up such costs over the entire
structure yields the total loss.

The probability of collapse is explicitly incorporated according to [8], i.e. collapse is assumed
to cause instant loss of the entire building and its contents and dominates vulnerability at



higher IM levels. The methodology explicitly incorporates residual deformations by
considering the losses resulting from having to demolish the building when excessive RIDR
is experienced. The probability of having to demolish the structure conditioned on the peak
RIDR, P(D|RIDR), is assumed to be a lognormal distribution with a median of 0.015 and a
logarithmic standard deviation of 0.3 according to [9].

Vulnerability functions are developed using a simulation procedure based on the PEER loss
analysis framework [10, 11]. In the PEER framework, the mean annual frequency (MAF) of a
decision variable (DV), such as the cost or the loss ratio (building loss over the building
replacement cost), is estimated as

Ao, (DV = dv) = j”G(dv|DS)|dG(DS|EDP)||dG(EDP|IM)|‘ diM (1)

dﬂ(lM)‘
where Apy(DV>dv) is the MAF of exceeding ‘dv’ (e.g. value of loss) for the given site and
building; G(dv|DS) denotes the probability of exceedance of the dv given a DS (i.e. a damage
state associated with a specific repair action); G(DS|EDP) is the probability of exceedance of
the damage state given an EDP; G(EDP]|IM) is the probability of exceedance of the EDP
given an IM; and A(IM) is the MAF of exceedance of the IM. In this work, following the
guidelines of FEMA P-58 [6] the spectral acceleration at the fundamental period of vibration,
Sa(Ty), is chosen as IM.

In order to assess the performance of the two competing structural design in an objective
manner that does not depend on the site, we shall instead employ only a part of eq. (1), using
only the integrals of G(dv|DS) over EDP and DS without the final convolution with A(IM).
The result is known as the vulnerability function:
G(DV|IM) :”G(dv|DS)‘dG(DS|EDP)HdG(EDP|IM)‘ ()

The vulnerability function computes DV (loss ratio or repair cost of the building) as a
function of IM and it is meant to be characteristic of the building and independent of the site
(provided a sufficient IM is used). Monte carlo simulation (MCS) is used to evaluate the
integrals shown in eq. (2). The MCS approach involves simulating all the random variables in
eq. (2) (DV, EDP, DS) and then computing the DV for a wide range of IM. The steps
involved in the MCS approach are presented, for example, in [12].

4. PROTOTYPE BUILDING

(a) 5@8 m
__, Interior gravity frame
| [ b | ] [ ] |
| LI LML L LAl |
E
— — o
y— 1 P
| M H N L H H! S
E | [ | | N
@ ‘ Gravity I
™ [l s A . columns | Wyl £
‘ ™ Lni Ll Ln Ll ™ | -
i z
L L T
| | . 3@8m
I I
|
Y, L o o
= seismic resisting frame
>

X

Figure 2. (a) Plan view of the prototype building; (b) Elevation view of the prototype building



Figure 2 shows the plan (a) and elevation view (b) of a 5-storey, 5-bay by 3-bay prototype
building having two seismic resisting frames in the 'x' plan direction designed as conventional
MRFs or SC-MRFs. Both the MRF and the SC-MRF have been designed to have IDR lower
than 0.75% under the frequently occurring earthquake (FOE) [7]. The DBE is expressed by
the Type 1 elastic response spectrum of [7] with peak ground acceleration equal to 0.35¢g and
ground type B. The FOE has intensity of 40% (reduction factor v=0.4 in [7]) the intensity of
the DBE. The steel yield strength is equal to 355 MPa for the columns and 275 MPa for the
beams (characteristic strengths). The steel yield strength of the WHPs is 235 MPa and 275
MPa for the beam reinforcing plates. Design data of the frames are given in Table 1.

Table 1. Design data of the steel MRF and SC-MRF

. PT connections characteristics
cross sections PT PT bar WHP ext. WHP int. WHP Reinf. plate | Reinf. plate
force diameter diameter diameter length length thickness
T
Beam Column (klsl) dpr (Mm) | Do (mm) | D;(mm) | Ly (MmM)| Ly (Mm) |t (mm)

IPE5S50 | HEB650 | 1087 50 43 33 70 1392 35
IPE600 | HEB650 | 1256 60 46 36 70 1660 46
IPE550 | HEB650 | 1087 48 43 33 70 1416 35
IPE5S00 | HEB60O | 941 38 41 30 70 1092 26
IPE500 | HEB600 | 941 36 39 28 70 743 22

To evaluate the performance of the building in terms of repair and replacement cost, we have
assumed that the building includes the structural components, non-structural components and
contents listed in Table 2.

Table 2. Prototype building components

MRF components FEMA P-58 ID SC-MRF components units EDP
Steel column base plate B1031.011b -/l- 8 IDR
Post-Northridge welded steel moment connection, B1035.021 / PT connection,
beam one side None beam one side 4 IDR
Post-Northridge welded steel moment connection, B1035.031 / PT connection,
beams both sides None beams both sides 4 IDR
Bolted shear tab gravity connections B1031.001 -/l- 28 IDR
curtain walls B2022.001 -1l- 54 IDR
suspended ceiling C3032.003a -/1- 26 PFA
cold water piping D2021.011a -//- 1 PFA
hot water piping D2022.012b -/l- 1 PEA
HVAC D3041.001a -//- 3 PFA
Modular office work stations E2022.001 -//- 20 PFA
unsecured fragile objects on shelves E2022.010 -/1- 90 PFA
electronic equipment on wall E2022.021 -//- 1 PFA
Desktop electronics £2022.022 -//- 90 PFA
Book case E2022.102a -//- 90 PFA

The fragility and cost functions for most of the components of Table 2 are provided in [6].
Market research and engineering judgement were used to determine values for the missing
ones (such as the PT connections). Thus, to extract the corresponding cost functions for PT



connections, we assume that damage in the PT connections at each damage state is related to
the plastic hinge rotation, 6,, at the end of the reinforcing beam flange plate. 6, has been
associated to IDR on the basis of pushover analysis. An additional DS for the SC-MRF has
been defined at the DBE to account for the cost of WHPs replacement. For the definition of
fragility functions, equations presented in Chapter 3 in [6] have been used. For the PT
connections cost functions, the mean and dispersion values of the corresponding moment
resisting connections have been used. The labour and material cost of the WHPs has been
used for the definition of the DS associated with WHP replacement. The contents cost
functions have been developed based on USA market prices.

Incremental dynamic analysis (IDA) [15] has been performed for both the MRF and the SC-
MRF under 11 ground motions developed in [13]. IDA has been performed up to sidesway
collapse.

5. RESULTS
Figures 3 and 4 show the vulnerability functions of the MRF and the SC-MRF, respectively.

In these Figures, the 16%, 50%, and 84% probabilities of a DV to be exceeded for a wide
range of Sy(T1) are presented. The selected DVs are the repair cost and the loss ratio.
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Figure 3. (a) Loss ratio and (b) cost curve of the conventional MRF
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Figure 4. (a) Loss ratio and (b) cost curve of the SC-MRF

Figures (3) and (4) show that the SC-MRF performs better since, for the same S,(T1), results
in lower cost and loss ratio than the conventional MRF. For example, for S,(T1) equal to 1.0
the MRF results to 1.5 million Dollars median loss versus 1 million for the SC-MRF. The
main reason behind the better performance of the SC-MRF is the reduction of the RIDR. In
particular, the possibility of having to demolish a building as a result of excessive RIDR is
reduced, and so, the cost or loss ratio of the building are reduced. At lower intensities, these
differences are significantly reduced: It is the loss of contents that drives that total cost. Since



PFAs in these intensities depend mainly on the distribution of stiffness, rather than ductility
or strength, the two buildings show nearly the same performance.

6. CONCLUSIONS

In this paper, a prototype 5 storey steel building is designed using SC-MRFs versus
conventional MRFs. IDA is performed for both structural systems up to collapse of the
building under 11 ground motions. The seismic monetary losses of both structural systems
are compared with the aid of the FEMA-P58 methodology. More specifically, vulnerability
functions showing the cost and the loss ratio of the building for a wide range of S,(T;) values
are presented for both structural systems. The results show that the SC-MRF has similar
performance to the conventional MRF at FOE levels, while it performs significantly better at
DBE levels, leading to consistently lower seismic losses. The higher performance of the SC-
MREF at high intensities is attributed to its ability to reduce residual drifts, and so, to avoid the
need for demolition due to irreparable damage.
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HHEPIAHYH

Ta petodko TAoiclo pe GLVOEGELS TOL EYOLV TNV IKAVOTITO VO ETOVEPYOVTOL GTNV OPYLKN
T0UG 0€0M GLVIGTOUV KOTOGKELEG TOL AmoPeLYOLV TN PBAAPN o©Tlg O0KOVG KOl TIG
TOPAUEVOVGEG UETOTOTICEL VIO TO GEIOUO GYESOGHOV. g QUTHV TNV gpyacio &va KTiplo
oxeO14leTOL  YPNOIUOTOLDVTOG TAGIGIOL LE GLVOECELS 7OV  £YOVV TNV KOVOTNTO Vo
EMOVEPYOVTOL OTNV apykn tovg Béom 1M pe ovuPatikd mTAoiclOL POTNG KOl Ol GELGHIKEG
OLKOVOUKEG OMMAEIEG TOV OLO TEPWTAOCEMY GYEOUGHOD Guykpivovtor pe ) Pondeta g
peboooroyiag FEMA-P58. H pebodoroyio FEMA-PS8 eivor pe olodikacio GEIGUIKNG
amoTipunong He PAcEL TNV EMTEAEGTIKOTNTO 1 OTTOL0L OMOTIUA TIC GEICUIKES AMMAELES (KOGTOG)
pe mBavotikd tpdémo. Ta amoteAéopato TG TOPoVcoS epyaciog Oelyvouv OTL TO HETAAMKO
TAOIGLOL LE GUVOEGELG TOL EXOLV TNV IKOVOTNTO VO ETOVEPYOVTOL GTNV OPYIKT Tovg Béom
EYOVV ONUAVTIKG PEATIOUEV] CUUTEPIPOPE GUYKPIVOUEVO, HE TO. GUUPATIKE TAOIGLO POTNG
Kol UIKPOTEPEG OKOVOUIKEG ammAelec. Ta amoteAéopata emiong vmodeikveiovy Tmg givat
ONUOVTIKO Vo AopPavovtal v’ oyl Ol TOPOUEVOVCES WETOTOTICES MG TOPBAUETPOG
oeloKknG amotipnong o10tt kabopilovv dueca €dv to Krtipto elvar emdopbdoyo 1M
YPEBLETON VO KATESQPIOTEL LETA 0o £vav 1oYVPO GEIGUO.
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