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Abstract

Modular buildings are those built using prefabricated volumetric units called modules.
Due to modules being connected to each other at discrete locations, discontinuous
structural systems are formed, where diaphragm discontinuity is a key issue and could
result in diaphragms that are flexible. Mesdtiory modular buildings with flexible
diaphragms are susceptible to higher mode influences when under the action of
seismic loads, where such influences affect lateral load distribution, cause excessive
drift amaong gravity frames and could potentially lead towards collapkées paper
presents the preliminary work conducted to classify the behaviour of diaphragms in
modular buildings and to assess the effects of diaphragm flexibility on the overall
seismic performnce of a case study modular building. Diaphragm behaviour was
controlled through axial and shear stiffness of diaphragm connections as well as the
combined shear stiffness of adjacent module floor and ceiling units. Seismic analyses
were conducted usingd4scaled faffield ground motions as considered within FEMA
P695 and the results indicate that the case study modular building with flexible
diaphragms is affected by higher modes and current code provisions are inadequate
for the seismic design of modullawildings
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1. INTRODUCTION

Modular buildings are built using prefabricated volumetric components called
modules. Such modules are stacked vertically and scaled horizantadiye to form
complete buildings. Modular building construction capitalises on the use -sit®ff
manufacturing, thus resulting in reduced construction times, superior quality and
reduced environmental impa@ye, Ngo, Crawford, Gammampila, & Mendis, 2012;
Crowther, 1999; Gibb, 1999; Jaillon & Poon, 2009; Kamali & Hewage, 2016; Kumar,
2016; M. Lawson, Ogden, & Goodier, 2014; R. M. Lawson, Ogden, & Bergin, 2012;
Rogan, Lawson, & BateBrkljac, 2000; Smith, 2010However limitations relating to
technical, logistical as well as regulatory aspects have hindered its full realisation as
the preferred choice for constructi@@artz & Crosby, 2007; Jellen & Memari, 2013;

R. M. Lawon et al., 2012; Smith, 2010; Torre, Sause, Slaughter, & Hendricks,.1994)
Of the key technical issues, this study focuses on addressing diaphragm discontinuity
in multi-storymodular buildinggMSMB). The diaphragms dfISMBs are essentially
discontinuouglue to modules being connected to each other at discrete locations. It is
believed that diaphragm discontinuity aggravates diaphragm flexibility and could
likely lead to diaphragm failure under the action of seismic loads due to higher mode
influences.This paper proposes a methodgredict diaphragmservice stiffnessn
modular buildings and demonstrates the effects of diaphragm flexibility on the
seismic performance offaypotheticalcase studyour-storyfour-by-four-bay modular
steelbuilding.

2. DIAPHRA GM CLASSIFICATION IN MSMBs

Diaphragm classification as currently prescribed is based on the ratio between
maximum diaphragm displacemeut;{,) relative to the lateral force resisting system
(LFRS) and the corresponding average hstery drift of the LFRS at service
conditions };rz5), where for rigid diaphragm behaviour this ratio is expected to be
= 0.5 and for flexible diaphragm behaviour 2.0 (for all values inbetween, the
diaphragm is classified stifffAmerican Society of Civil Engineers & Federal
Emergency Management Agency, 2000; American Society of Civil Engineers &
Structural Engineering Institute, 2010; Standards Australia, 2007; Standards New
Zealand, 2004)For diaphagms of MSMBs total diaphragm deformatiors (4;;.)

under service conditiondue to the action of lateral loadan be considered as the
sum of each individual overall diaphragm deformation due to the influence of
diaphragm connection axial and shéahaviour as well as the shear behavior of the
combined module floor and ceiling unit. This is demonstrated through a displacement
controlled pushover analyses of a 2D diaphragm model developed using the software
OpenSee¢McKenna, 2011rs shown irFig. 1, where (a) corresponds to the overall
diaphragm deformation due to diaphragm connection axial behavior, (b) due to
diaphragm connection sheaghavior and (c) due to the combined module floor and
ceiling unit shear behavior. For this demonstration, the diaphragm model was made
simply supported and a uniform lateral load distribution was assumedaria axial

and shear behaviour of diaphragm ections was controlled by using two node link
elements having both axiait{) and sheark(,) stiffness properties, whereasptane

shear behaviour of the combined module floor and ceiling unit was controlled via
rotational springsi). Through the expressiciy;,= al;rzs, the limiting diaphragm
deformation for the analysis was determined using @&eatksliaphragm flexibility
factor (z) and the corresponding LFRS drif;£z5) at service conditions. Ehvalues

of @=05, 2.0 & 4.0 was selected and would result in rigid, stiff and flexible
diaphragm behaviors respectively. Surface plots were generated, to identify the
minimum required stiffness properties to achieve a targsisgghragm behavior for a
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particular design lateral load as showrig. 2(a), wherefor this demonstrationgid
diaphragm behavior was targeted along with the use of rigid modiles.
intersection of the surface plot with a particular design laterdl &sashown irFig.

2(a) is further detailedn Fig. 2(b) which indicates the numerous limiting connection
stiffness combinations that exist for the considered diaphragm design force (in
generalF;;, = wly, Wherew is the magnitude of the darmly distributed load and,

the length of the diaphragm). This approach is particularly useful to ensure that a
targeted diaphragm behavidior diaphragms itMSMBs is satisfactorilyachieved.
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Figure 1. Components of diaphragm deformation as due(&) connection axial behaviour(b)
connection shear behavioufc) module floor/ceiling unit shear behaviour
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Figure 2: (a) Sample surface plot and (e range of satisfactory connection stiffness values
3. INFL UENCE OF DIAPHRAGM FLEXIBILITY

As shown in the previous section, diaphragm connection as well as module stiffness
are useful for establishing diaphragm behaviour in modular buildings. The inherent
discontinuity of diaphragms in modular buildings as a ltesfudiscrete intetmodule
connectivity could result to diaphragms that are flexible if the provided stiffoess
each diaphragm componerg inadequate. Such flexible diaphragms in modular
buildings are likely to cause higher mode influences when debj¢c seismic loads
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and could potentially be catastrophic if unaccounted for. Such higher mode influences
have been reported for typical buildings with flexible diaphragms when under the
action of seismic loadg§Lee, Aschheim, & Kuchma, 2007; Lee, Kuchma, &
Aschheim, 2007; Zhang & Fleischman, 2016)yavity frame collapse have also been
reported for prefabricated parking structures during the 1994 Northridge earthquake
due to the lack of rigid diaphragm action asresult of inadequate tying of
prefabricated panels between themselves and to their ((RR&on & Hawkins,
1994) Moreover, diaphragm design requires the determination of the diaphragm
design force, where current practice mostly relies on the use of the equivaleit late
force (ELF) methodology. The ELF method establishes the vertical distribution of the
elastic design base shear under the assumption that a building is of elastic rigid
diaphragms and has &' Inode dominant vibration pattern similar to that of a
cantilever structur§ American Society of Civil Engineers & Structural Engineering
Institute, 2010; Chopra, 2012; Standards Australia, 2007; Standards New Zealand,
2004) However, analytical studies have shown that fpicigl low-rise buildings, the
design of diaphragms for uniform strength over the entire height of the building based
on an amplified top level design force, as determined through the ELF method, better
accounts for the large inertial forces that may oculower storiesand has been
termed the constant strength design approach (GBBjschman & Farrow2001)
However, similar to the CSD approach, a uniform distribution of the elastic design
base shear was adopted and was termed the
Inconsideration of the abovehe following section presents the study conducted to
assess the ihfence of diaphragm flexibility on the seismic performance of a typical
hypothetical fowrstory four-by-four-bay modularsteelbuilding assumed to bbeuilt
using rigid modules that are ®6m in length,4m in width and4m in heightalong
with an intermodule horizontal spacing d@t1m. The building was simplified to
reduce the computational demand involved in ground motion analysis using the
software OpenSeg#icKenna, 2011}through the MATLAB programming language
interface. The diaphragms were modelled similar to that described in the previous
section and linear elastic forceformation properties were assggl to the two node
link elements. Rigid diaphragm constraints were applied to the corner nodes of each
combined module floor and ceiling unit with respect to mass nodes located at their
geometric centres. The perimeter LFRS of the case study buildinglseasimplified
to provide for only the expected shear resistance and was represented by two node
link elements as well with the elastic perfectly plastic fedeéormation property,
where yield strengthil, ...) and deformation at yield\(, ...) were determined using

the relevant seismic response modification factors prescribed within the New Zealand
seismic code(Standards New Zealand, 2004)he simplified model and key
diaphragm nodes are showrFig. 3(a) & 3(b).

The reference buildingBf) was selected to have pestly rigidly diaphragms to
which the modified ELF distribution was assumed and a displacement controlled
pushover analysis was conductgtere the values corresponding to the design base
shear as determined using the New Zealand seismic code were mmhsadethe
reference set of valuesvariations of the simplified model were established
considering the expected behaviour of all diaphragms to be either rigid, stiff or
flexible for ground motion analyses. The required stiffness properties for each
diaphagm behaviour were found through the 2D diaphragm model and approach
described in the previous section using the average LFRSshotgrdrift (Ayr-zs) at

the F'storylevel of the reference building{). However, as indicated earli¢ghough
numerous combinations for connection stiffness values exist, selections were made
based on havingapproximately equal axial and shear stiffness for diaphragm
connections.Following from this earlier described procedure, target diaphragm
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displacemets were set accordinglyn consideration of the appropriate diaphragm
flexibility factor (@) and the considered average LFRS wstery drift (A zz<).
Therefore connection stiffness values foilding B, were establishedush that rigid
diaphragm behaviour is guarante@dhere = 0.5 will correspond to connections
having stiffness denoted b, & k), those ofbuilding B, for stiff diaphragm

behaviour(wherea = 2.0 will correspond to connectis having stiffness denoted by
ks, & ky) andthose ofbuilding B for flexible diaphragnmbehaviour(wherea = 4.0

will correspond to connections having stiffness denoted b k.). Each of these

three building types were subjed to 44 scaled ground motions derived from the
suggested fafield earthquake recordet consideredwithin FEMA P695 obtained
from the PEER ground motion databasel were applied in the direction of the weak
axis of the diaphragms (Applied Technology Council & Federal Emergency
Management Ageary, 2009) These ground motions were selected for use within
FEMA P695 in consideration of satisfying the objectives set out therein, beibg (a)
consistent with requirements of ASCE/SEI 7, (b) be a representative collection of
strong ground motions, (d®e adequate in number for statistical sufficiency, (d) be
applicable to a variety of structural systems and (e) be applicableatiety of sites.
These records were used in this study by undertakiogng motion scalingoy
anchoring the pseudacceleation spectrum of each ground motion to the design
spectrum corresponding to shallow soil type in Christchurch, New Zealand &t the
mode vibrational period of each building tydé' and 3¢ modal frequencies of each
building type were used for assiggifRayleigh damping considering a 5% damping
ratio. A summary of key parameters used is showhainle 1 and the list of ground
motions inTable 2
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Figure 3: The simplfied case study modular building and (b) key diaphragm nodes
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Table 1: Key parameters used for this study

Parameter

Floor & ceiling massper module my [x10° kg] 15.0
Roof masger module m, [x10% kg] 7.5
1% mode periocs, Ty, [s] 0.494
15 mode periocds, Ty, [s] 0.533
15 mode periocs, Ty, [s] 0.649
1% mode periods; Ty, [s] 0.801
Structural performance ¢or 55 =1/ prs 0.7
Ductility factor HLFRS 1.706
Elastic base shear ¥, [kN] 375.639
LFRS shear stiffness kirrs [kN/m] 31320
LFRS yleld force %Ipﬂg = Ub.'"llzs'p ['E‘:D‘f] 268.33
LFRS yield deformation Ay ers= Vigrrs/kirrs [m] 0.0086
Connection axial stiffness, kg, [N fm] 10
Connection shear stiffne®s ke, [N fm] 10%?
Connection axial stiffness, ka, [kN/m] 4625.1
Connection shear stiffness ky, [kN/m] 4000.0
Connection axial stiffness, kg, [N /m] 1194.8
Connection shear stiffness Koy, [kN fm] 1000.0
Connection axial stiffnesg, kg, [KN/m] 576.9
Connection shear stiffne®s Koy, [kN fm] 500.0

Table 2: The list offar-field earthquake records used as considered within FEMA P695 from PEER

ID Name Recording station M PGAuir-1(Q) PGAuir-2 (Q)
12011 Northridge Beverly Hlls - Mulhol 6.7 0.416 0.516
12012 Northridge Canyon CountWWLC 6.7 0.410 0.482
12041 Duzce, Turkey Bolu 7.1 0.728 0.822
12052 Hector Mine Hector 7.1 0.266 0.337
12061 Imperial Valley Delta 6.5 0.238 0.351
12062 Imperial Valley El Centro Array #11 6.5 0.364 0.380
12071 Kobe, Japan Nishi-Akashi 6.9 0.509 0.503
12072 Kobe, Japan ShinOsaka 6.9 0.243 0.212
12081 Kocaeli, Turkey Duzce 7.5 0.312 0.358
12082 Kocaeli, Turkey Arcelik 7.5 0.219 0.150
12091 Landers Yermo Fire Station 7.3 0.245 0.152
1202  Landers Coolwater 7.3 0.283 0.417
12101 Loma Prieta Capitola 6.9 0.529 0.443
12102 Loma Prieta Gilroy Array #3 6.9 0.555 0.367
12111 Manijil, Iran Abbar 7.4 0.515 0.496
12121  Superstition Hills El Centro Imp. Co. 6.5 0.358 0.258
12122  Superstition His Poe Road (temp) 6.5 0.446 0.300
12132 Cape Mendocino Rio Dell Overpass 7.0 0.385 0.549
12141  Chi-Chi, Taiwan CHY101 7.6 0.353 0.440
12142  Chi-Chi, Taiwan TCU045 7.6 0.474 0.512
12151 San Fernando LA - Hollywood Stor 6.6 0.210 0.174
12171  Friuli, Italy Tolmezzo 6.5 0.351 0.315
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4. RESULTS AND DISCUSSION

Fig. 4-6 show the averages of the observed variations in lateral displacement, inter
story drift, developed inertial forces and diaphragm connection forces for each
building type compared with the rdts of the reference building which was subjected

to a pushover analysis under the assumed modified ELF distribution. Lateral
displacement measurements were taken at the corners of each diaphragm as well as at
the centre of longitudinal edges. Measureradnt connection forces were taken at
flexural as well as shear critical connections located respectively at the centre of
longitudinal edges of diaphragms as well as at the centre of the lengths of combined
floor units nearest to the LFRS. Developed iad¢rtorces within diaphragms were
calculated based on force measurements taken at the LFRS link elements.

As shown inFig. 4, it is noticeable that with increasing diaphragm flexibility (a)
lateral deformation at diaphragm corner, (b) gy drift ratio at diaphragm
corner, (c) the lateral force required to be resisted by the LFRS and (d) the required
LFRS ductility demand have all reduced. Furthermore, the gradual reduction of
observed values witktory height indicate a likely t mode dominant bek@ur for
the LFRS regardless of diaphragm behaviour. However, as expected, almost all
measured values were larger than the reference building which would generally be
considered for design. Also, the required LFRS ductility demand for building 01 was
found to be larger than the considered design value aftbtdylevel.
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Figure 4. Observed LFRS (a) lateral displacement, (b) int&orydrift, (c) resisted lateral force and (d)
required ductility

When consideringrig. 5(a) & 5(b), diaphragm central deformation and irséory
drift ratios determined at diaphragm centres have increased as a result ofrigcreasi
diaphragm flexibility. The largest lateral deformations are observed at thestbixd
level for each building type and the intsorydrift ratio corresponding to thé%3and
4™ stories drastically increase as diaphragms are made more flexible.e Thes
observations indicate the influence of higher modeshe response of the overall
building and more particularly the response of the diaphragso, as noticeable in
Fig. 5(c) diaphragm inertial forces reduce with increasing diaphragm flexibility
exceot at the thirdstory level where the measured inertial forces for building 02 are
the largest. The observed overall reduction of inertial force at the roof level as well as
the increase of inertial force at the thistbry level for each building type wiit
increasing diaphragm flexibilitgould likely be the result of out of phase motions of
the reduced roof level mass that of the story belowMoreover, it is evident that in
comparison to the ELF methods prescribed within current seismic codes, thednodi
ELF better accounts for the large inertial forces developed at lower levels within the
considered modular steel buildinghich could potentially avoithe likely formation



