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SUMMARY

The paper presents application of the FEMA P695hbidtnlogy for 3D panel construction system of sirtee
archetypes of different configurations. The FEMA9B6Viethodology is intended for design of new suiait
systems. It provides a rationale method of evatigathe seismic performance factors (SPFs), inctudive
response modification coefficient (R-factor), thestem overstrength factof2f), and deflection amplification
factor (G), of a proposed seismic-force-resisting systeme Wethodology incorporates certain steps for the
development, analysis, and the probabilistic assessof collapse risk of a consistent number ofdiugs. The
Methodology uses nonlinear analysis techniqueshiracterize nonlinear static and dynamic behavfoa o
proposed seismic-force-resisting system; anothearstdge of the Methodology is that it explicitlynsiders
uncertainties in ground motion, modeling, design test data. It is shown that the Methodology lmamirectly
applied on a series of 3D panel index archetypéh, avsignificant number of archetypes satisfyihg triteria
of the Methodology.
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1. INTRODUCTION

The concept of panel construction includes thosddibgs where the majority of structural
components are standardized and produced in plargdocation away from the building, and then
transported to the site for assembly. These compenare manufactured by mass production
industrial methods in order to build a large numbgbuildings in a short time at low cost. Urban
residential buildings of this type are usually ¢oden stories high. There are different typesafgls
such as Structural Insulated Panels (SIPs) andhtedeStrand Board (OSB), precast concrete, and
metal panels, as shown in Figure 1.1.

a) b) c)
Figure 1.1. Typical panels; (a) OSB; (b) precast concreteme)al, after Mashal, (2011)



The 3D construction system is a new cost-effectivestruction system that uses prefabricated 3D
panels for construction of residential and comnadtaiildings. The 3D panels consist of an expanded
polystyrene (EPS) core with a thickness rangingnfdd to 100 mm sandwiched between two plane-
parallel welded wire mesh sheets (cover meshes)inéu diagonal wires are welded between the
cover mesh’s line wires and go through the EPS aershown in Figure 1.2. This results in a light-
weight, three-dimensional truss system with a hidferent stiffness (EVG, 2005). The system allows
the weight of the building to be reduced by 40 %ijlevmeeting all structural requirements of the
building system; fast construction, high shearfretfs and thermal insulation are the important
properties of 3D panel buildings.
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Figure 1.2. Typical 3D panel cross-section, after EVG, (2005)

This paper covers the application of the FEMA P6&88hodology (FEMA P695, 2005) for 3D panel
construction system of sixteen archetypes of differconfigurations. More than 5,000 dynamic
analyses including pushover analyses were carti¢doorder to simulate the actual behavior of 3D
panel system, and further explore its dynamic dftarsstics. The study calibrates the experimental
test data with the analytical results in differstéps of the methodology. In summary, the paper
provides global seismic performance factors (SPiRsjuding the response modification coefficient
(Rfactor), the system overstrength fact€p), and the deflection amplification facto€), of 3D
panel construction system for inclusion in modelding codes.

The 3D panels have been used in construction ofrisevbuildings in many areas around the world.
Figure 1.3 shows the construction methods for 3Bepduildings. This includes erection of 3D
walls/slabs and placement of shotcrete.

a) b) ) €
Figure 1.3. Construction with 3D panels; (a) erection of walhels; (b) slab panel; (c) shotcreting, after Mhsh
(2011)



2. OVERVIEW OF THE FEMA P695 METHODOL OGY

The FEMA P695 Methodology (FEMA, 2009) providesasianale method of evaluating the seismic
performance factors (SPFs), including the respanedification coefficient (R-factor), the system
overstrength factoiCky), and deflection amplification factor { of a proposed seismic force-resisting
system. Definitions of SPFs are provided in Fig, wherede/R is the roof drift corresponding to
design base shear V addis the assumed roof drift of the yielded systenresponding to design
earthquake ground motions. The Methodology incafes certain steps for the development,
analysis, and the probabilistic assessment of gedlaisk of a consistent number of buildings.

Design Earthquake R = Response Modification

ol

1]

& Ground Motions Coefficient = VgV

& €, = Deflection Amplification
@ Factor = (#5JR

g Gy 12, = Overstrength Factor = Vo, /V
(=]

T Ve

=]

g

2 R Pushover
5 Vinar e Curve
PV ] =~

3R & &
Lateral Displacement (Roof Drift)

Figure 2.1. lllustration of seismic performance factors (R, and G) as defined by the Methodology, after
FEMA P695 (2009)

The FEMA P695 Methodology uses nonlinear analysiditiques to characterize nonlinear static and
dynamic behavior of a proposed seismic force-regjgystem; another advantage of the Methodology
is that it explicitly considers uncertainties irognd motion, modeling, design, and test data. Tégss

to be followed in the Methodology are shown in FegQ.2.
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Figure 2.2. Process for quantitatively establishing and doauing seismic performance factors, after FEMA
P695 (2009)

2.1. Obtain Required Information

Required system information includes design requéngts, experimental data, and system testing.
The development of design requirements are donkirwthe context of the seismic provisions of
ASCE/SEI 7-05, (ASCE, 2005) and other applicabndards. The provisions should address the
design and detailing of the proposed seismic foesésting system, inelastic deformation capacity,
component design and detailing, seismic performdactrs R, Qo, Cj), drift limits, height limits,
and seismic usage restrictions.

Design requirements for 3D panel construction aseld on criteria specified in applicable sectidns o
the latest edition of ASCE/SEI 7(ASCE, 2006a & 2006\CI 318-05 (ACI, 2005), Osterreichisches
Normungsinstitut (ONORM) series B-4200 and B-46@Qistrian building code), and Deutsches
Institut fir Normung (DIN) 104%German building Code).

There are experimental data of nonlinear static dyrhmic testing of the 3D panels, such as tests



conducted by Kabir (2005), Rezaifar et al. (206&bir et al. (2006), and Rezaifar et al. (2008).
Figure 2.3 illustrates the failure mechanism amdidad deflection hysteresis loops for a combined 3
wall panel and steel moment frame in a cyclic lngdest respectively.
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Figure 2.3. a) Crack pattern and failure mechanism for contb®i@ panel specimen at the later stages of cyclic
loading; b& c) Load-deflection hysteresis energypse for steel moment frame and combined system
respectively after Kabir, (2006)

Completeness and robustness characteristics fdityqohtest data is rated medium for the 3D panel
system, since most of the important general tesiisges of Section 3.5.2 of the FEMA P695
Methodology are addressed adequately in the teptiogram. Experimental evidence is sufficient so
that all, or nearly all, important behavior aspeatgll levels (from 3D panel material to systemg a
generally understood, and the results can be wsegdantify the parameters which can significantly
influence the design requirements and analyticaleting.

2.2. Archetype Development

The behavior of the 3D panel seismic resistingesyss investigated through the use of archetypes.
According to the FEMA P695 Methodology, archetypes a prototypical representation of a seismic
force-resisting system. Archetypes are intendeckfiect the range of design parameters and system
attributes that are used to bridge the gap betwedapse performance of a single specific building
and the generalized predictions of behavior neddequantify performance for an entire class of
buildings.

Up to four 2D archetype performance groups areidersd whose performance can be adequately
evaluated using two basic configurations of 3.1rd &rim transverse bay width respectively. Table
2.2 shows the properties for each of the archetlgmigns used in this evaluation. As mentioned
earlier all sixteen buildings (archetypes) are giesil for seismic design categorny ) The mapped
values of short, and 1-second spectral acceleradite coefficient and design parameters considered
for the design of 3D panel archetypes are showralrle 2.1.

Table 2.1. Summary of design parameters for seismic desitggoay Dhax
short period (9=15 (ms) =15 (9s) = 1.0

1-second period (S) =15 (Sw) =15 (Sp) =1.0

2.3. Nonlinear Model Development

The Methodology requires selection of trial valugfsthe response modification coefficient, R,
displacement amplification coefficient,q,Cand overstrength facto€), for the preparation of index
archetype designs. The 3D panel archetypes arallinitlassified as intermediate reinforced masonry



shear wall system, this system is covered underiirigeavall seismic force-resisting system of Table
12.2.1 of ASCE/SEI 7-05. The trial values for R &fdlare 3.5, and 2.5 respectively. The trial value
for the displacement amplification coefficient, i€ assumed to be equal to R, or 3.5.

Table 2.2. 3D panel building archetype structural design prige

Key Archetype Design Parameters

Archetype No. of

D Stord Seismic Design Criteria Syrr (T)
ories | I i .
Framing (Gravity Loads) SDC | R T (sec) | T, (seq) | VAV @

Performance Group No. PG-1 (Short Period, 3.1 m Transverse Bay Size)

A1 1 High (Space Bearing Wall) Dy | 3.50 ] 0.1554 0.0655 0.286 1.50
A2 1 High (Space Bearing Wall) Duax | 3.50 ] 0.1554 0.06635 0.286 1.50
A-5 2 High (Space Bearing Wall) Duax | 3.50 | 0.2618 0.17142 0.286 1.50
A-6 2 High (Space Bearing Wall) Dyax | 3.50 | 0.2618 0.18184 0.286 1.50

Performance Group No. PG-2 (Long Period, 3.1 m Transverse Bay Size)

A9 4 High (Space Bearing Wall) | Dy | 3.50 | 0.441 0.44024 0.286 1.50
A-10 4 High (Space Bearing Wall) | Dy | 3.50 | 0.441 0.51821 0.286 1.50
A-13 6 High (Space Bearing Wall) Dyax | 3.50 | 0.5964 0.55445 0.286 1.50
A-17 10 High (Space Bearing Wall) Duax | 3.50 | 0.8764 0.8518 0.440 1.027
Performance Group No. PG-3 (Short Period, 5.1 m Transverse Bay Size)

A-3 1 High (Space Bearing Wall) | Dy | 3.50 | 0.1554 0.06928 0.286 1.50
A4 1 High (Space Bearing Wall) | Dy | 3.50 | 0.1554 0.07018 0.286 1.50
AT 2 High (Space Bearing Wall) Duax | 3.50 | 0.2618 0.18095 0.286 1.50
A-8 2 High (Space Bearing Wall) Duax | 3.50 ] 0.2618 0.19195 0.286 1.50
Performance Group No. PG-4 (Long Period, 5.1 m Transverse Bay Size)

A-11 4 High (Space Bearing Wall) | Dy | 3.50 | 0.441 0.46357 0.286 1.50
A-12 4 High (Space Bearing Wall) Duax | 3.50 | 0.441 0.54572 0.286 1.50
A-15 6 High (Space Bearing Wall) Duax | 3.50 | 0.5964 0.57815 0.286 1.50
A-19 10 High (Space Bearing Wall) Dy | 3.50 | 0.8764 0.88458 0.440 1.027

To the extent possible, the 3D panel index archetydels are directly simulated all significant
deterioration modes that contribute to collapsealbiii. SAP 2000 (Computers and Structures, Inc.,
2011) is used to build the nonlinear models of3Bepanel archetypes. In SAP2000, a frame element
is modeled as a line element having linearly etaptioperties and nonlinear force-displacement
characteristics of individual frame elements arelebed as hinges represented by a series of straight
line segments. A generalized force-displacementacheristic of a non-degrading frame element (or
hinge properties) in SAP2000 is shown in Figure 2.4
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Figure 2.4. Force-displacement characteristic of a frame eterimeSAP 2000, after Habibullah and Pyle, (1998)

A Deformation

Where points labeled as 10, LS and CP are usectfioedthe acceptance criteria for the assigned
hinge, they correspond to the Immediate Occuparidfe Safety and Collapse Prevention
respectively.

In order to simulate the collapse of the 3D pamehetypes in the subsequent sections, it is impbrta



to limit the story drifts for the simulated collapmodes of the archetypes. It is more likely far D
panel structures to behave as cantilever shearsyslem, in order to comply with ASCE/SEI 7-05
drift requirements, and with the fact that all atipes in this paper are assigned an occupancy
category Il; we will limit the maximum allowableifirto 1% for the 3D panel archetypes. Therefore,
any drift higher than 1% will be counted as thdaqmde of the system. The 1% allowable drift wél b
utilized for the collapse assessment of the argestyafter carrying the incremental dynamic analyse
in later sections.

The shear strength of the concrete is considered men-simulated collapse mode for one-story
archetypes. The consideration of non-simulated erisdnecessary to establish reasonable median
collapse intensities for one-story 3D panel arghesy It is also assumed that there is no other non
simulated collapse mode, rather than the one mesdiabove.

2.4. Nonlinear Analysis

The nonlinear static (pushover) and dynamic (tinstehny) are performed for the archetypes.The
ground motion record sets utilized for dynamic gses of the archetypes in this paper are the 22 Far
Field record set of the FEMA P695 Methodology. TWethodology requires use of the Far-Field
records set for collapse evaluation for index angtes designed for Seismic Design Category (SDC)
Dnax The Far-Field record set includes component pHi22 horizontal ground motions (44 ground
motions in total). The record set does not incltite vertical component of ground motion. Figure
2.5(b) shows the 44 individual acceleration respa@ectra (i.e., 22 records, 2 components each) for
the Far-Field record set, the median response rsppectand spectra representing one standard
deviation and two-standard deviations above theiamedrigure 2.5(a) provides the median spectrum
of the Far-Field record set anchored to maximum mmdmum MCE response spectra of SDC B, C
and D, at a period for 1-second.
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Figure 2.5. (a) Median spectrum of the Far-Field record sehared to different MCE response spectra; (b) Far-
Field record set response spectra median spectrtime &ar-Field record set anchored to differentBMC
response spectra, after FEMA P695, (2009)

The nonlinear static analyses are performed aaoprdi Section 3.3.3 of ASCE/SEI 41-06 (2007), as
shown in Figure 2.6.

Nonlinear dynamic (response history) analysesegaired under the gravity load and aforementioned
22 pairs of ground motion. The nonlinear dynamialgses are necessary to establish the median
collapse capacity§cr, and collapse margin ratio (CMR) for the indexhatype models. The median
collapse intensity is obtained using incrementalastyic analysis (Vamvatsikos and Cornell, 2002) for
each archetype model. While performing incremedyalamic analysis (IDA), the ground motions are
scaled to increasing intensities until the struettgaches a collapse point. Ground motion intensity
S, is defined based on the median spectral interditthe Far-Field record set, measured at the
fundamental period of the structure.
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Figure 2.6. (a) Idealized nonlinear static pushover curvetliie)nonlinear static (pushover) curves for
performance group 1 from FEMA P695, (2009)

Figure 2.7 (a) illustrates a sample IDA respons# pf spectral acceleration versus maximum story
drift ratio for archetype No. 5. In Figure 2.7 @gch point corresponds to the results of one neatin
dynamic analysis of an index archetype model stbjeto one ground motion record that is scaled to
one intensity level. Using the collapse data frdma tDA curves, a collapse fragility curve can be
defined through a cumulative distribution functi@DF), which relates the ground motion intensity to
the probability of collapse (Ibarra et al., 2002gure 2.7(b) shows the collapse fragility curve.
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Figure 2.7. (a) IDA curve for Archetype No. 5; (b) Fragilityiore, after Mashal, (2011)

More than 5000 nonlinear dynamic analyses wereopmgd in the SAP 2000 software (CSI, 2005)
for all sixteen index archetypes, as discussed @b&¥ 3D panel archetypes are considered as
collapsed if the inter-story drift ratio exceeds, @ equals 30 mm lateral displacement). Thisufail
criterion (simulated collapse mode) is considem@dall archetypes in this paper except archetype 1
through 4. For archetype 1 through 4, the sheangth in the concrete is considered as a non-
simulated collapse mode. It was observed thatderoo reach 1% drift, much greater ground motion
intensity is needed for these archetypes, which waealistic. Therefore, consideration of a non-
simulated mode was necessatry.

The Methodology requires identification of the nadcollapse intensitycr, which can be obtained
by scaling all the Far-Field record set to the M@tEnsity, &, and then increasing the intensity until
just over one-half (22 ground motions) of the resarause collapse.

The collapse margin ratio can be calculated from. 2ql.

CMR :SCT/ SVIT (21)



2.5. Performance Evaluation

This step utilizes the results of nonlinear staticl dynamic analyses of Section 2.3 to evaluate the
performance for the 3D panel seismic force-regjstigstem. The process for performance evaluation
includes assessment of the acceptability of a udle of the response modification coefficient, R,
determining values of the system overstrength facdy, and finally the deflection amplification
factor, G.

According to the FEMA P695 Methodology, the Adjusteollapse Margin Ratio (ACMR) for each
index archetype, i, can be calculated from Eqn. 2.2

ACMR,; = SSFx CMR (2.2)

In Eqn. 2.2, SSF denotes the spectral shape fémtagach index archetype. It is showed that the
collapse margin ratio can be significantly influeddoy the frequency content (spectral shape) of the
ground motion record set, (Baker and Cornell, 2(®@ctral shape factors, SSF, for index archetypes
can be calculated in term of their respective fungiatal periods, T, and the period-based ductility,
There are many sources of uncertainty which camifgigntly influence the collapse capacity of index
archetype. These sources are record-to redqpseh)( design requirement$dr), test datafrp), and
modeling BupL) uncertainties. Appropriate values and equationgéch type of uncertainty and then
the total uncertaintyBfor) are given in FEMA P695 Report (2009).

After calculating the total system uncertainty fmch index archetype, the acceptable values for
adjusted collapse margin ratio are establisheddbaseTable 7.3 of FEMA P695, (2009). ACViR

and ACMRy, based on total system collapse uncertainty aridesaof acceptable collapse
probability, taken as 10% and 20% respectively.

In order to evaluate the response modification foment, R, for the index archetypes, the trialual
of the response modification coefficient, R = 3mBust be found acceptable for all performance
groups. The governing performance group for thparse modification factor, R, is the one with the
smallest average value of ACMR. According to theMPEP695, the acceptable performance is
achieved when, for each performance group, adjustédpse margin ratios, ACMR, for each index
archetype meet the following two criteria:

ACMR, > ACMRyqy (2.3)

ACMR;

Y

ACMRsg, (2.4)

Table 2.3 presents the summary for the final accem of the trial value of R = 3.5. After applying
the above criteria, it was concluded that performeagroups 1 and 3 passes the Methodology criteria,
while performance groups 2 and 4 fail. Hence, #milts from PG. 1 and 3 are used to evaluate the
seismic performance factors for 3D panel system.

As mentioned before, the governing performance gifou the response modification factor, R, is the
one with the smallest average value of ACMR, is tteise performance group 3.Therefore, the trial
value of response modification factor, R=3.5, méle¢scollapse performance objective of the FEMA
P695 Methodology, and can be used in designs ofaodetwo story 3D panel buildings. Alternative
lower values of R could be used to make the pedioca groups 2 and 4 pass the criteria of the
Methodology.

The average value of archetype overstrengthwhich is obtained from nonlinear static (pushdver
analyses of index archetypes, can be calculateddon performance group. The value of the system
overstrength factorq),, for use in design of 3D panel system should reotdken as less than the
largest average value of calculated archetype treeth,Q, from any performance group, it should
be noted that only performance group 1 and 3 ansidered for the calculation of the overstrength



factor, Q, for the 3D panel system. The overstrength faftiothe 3D panel system is based on the
largest average value of overstrengi.for both performance groups 1 and 3. Table 2mrsarizes
the calculation for the overstrength fact@r,for the 3D panel system.

Table 2.3. Summary of the final acceptance of the trial resgamodification coefficient, R

Average valueof ACMR100& Governing PG. fo
PG. No ACMR Average value ofror ACMR 500, final value of R
PCG-1 3.71 0.5t 2.02(ACMR1q) No
PG-2 1.23 0.56 1.59 (ACMiz,) No
PG-3 2.88 0.56 2.05 (ACM) Yes
PG-4 0.92 0.56 1.6 (ACMigy) No

Table 2.4. Summary of the overstrength fact@, for the 3D panel system

PG. No Average value of2 | Trial value ofQ | Governing PG for final value @b
PG-1 10.C 2.5 Yes
PG-3 8.2 2.5 No

According to the FEMA P695 Methodology, the sysiaerstrength factoiQ,, need not exceed 1.5
times the response modification coefficient, R. ragtical limit on the value of), is about 3.0,
consistent with the largest value of this factoedfied in Table 12.2.1 of ASCE/SEI 7-05 for all
current approved seismic force-resisting systems.

Limiting system overstrength 1@, = 3.0, as specified in ASCE/SEI 7-05, was considerecessary
for practical design considerations. After spedifyian overstrength factor of 3.0 for the 3D panel
system compared to the overstrength factor obtafireed the PG-1Q = 10.0), there can be risk of
potential problems for the seismic design of catieelements in 3D panel buildings. For instanne, i
case of large earthquakes, the 3D walls have vigh btrength and rigidity, while the collector
elements in the building such as 3D slabs behavee rike weak links, which can fail before
transferring higher loads to the 3D walls. Thudsitecommended that an overstrength factor of 3.0
for design of 3D panel elements cannot be condeevair large earthquakes.

From the FEMA P695 Methodology, the deflection dfigation factor, G, can be obtained using
Egn. 2.5.

CG:=R/B (2.5)
where in Eqgn. 2.5,
B, = numerical coefficient as set forth in Table 18.6f ASCE/SEI 7-05 for
effective dampingp,, and period, T.
B = component of effective damping of the structuee do the inherent dissipation of energy by

elements of the structure, at or just below theatife yield displacement of the seismic force-
resisting system, Section 18.6.2.1 of ASCE/SEI 7-05

An inherent damping of 5 percent of critical isasgd for the 3D panel buildings, this analogy soal
consistent with the FEMA P695 Methodology. Refagrito Table 18.6-1 of ASCE/SEI 7-05, a
corresponding value of the damping coefficient=B.0 is obtained. Thus, the value of i€ equal to
the value of R for the 3D panel buildings.

This concludes the performance evaluation procedsed-EMA P695 Methodology.
CONCLUSIONS
The 3D panel system is a new construction systendbuld be a good alternative for the traditional

masonry and wood construction. Previous experieara application of the 3D panel system in
different regions that were subjected to largeheprakes show that the 3D panel buildings are strong



enough to resist large earthquakes. The calculédiofiexural, shear and compression forces for 3D
panel sections can be done in almost the same svegleulation for the reinforced concrete strudtura
elements. 3D panel walls can be designed as alemariéd shear wall system with the failure
mechanism mainly caused by the formation of craxger openings (such as doors or windows).Low-
rise 3D panel buildings have great reserve streigtbe values of overstrength fact&) for severe
earthquakes. The FEMA P695 Methodology can beigghpin a series of 3D panel index archetypes.
It was observed that the 3D panel archetypes wihoies and more do not pass the FEMA P695
acceptance criteria for the collapse assessmeastfifill recommended values for the SPFs for one
and two-story 3D panel buildings are as follows=R.5, G = 3.5,Q, = 3.0. Using a lower R-value
could make four story prototypes pass the Methagiolo
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