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7  Abstract

8 Structures in modular buildings typically have some unique characteristics as compared with

9 conventional structures, e.g., discrete connection of modules through inter-module connections,
10  discontinuous floor diaphragms. The behavior of steel modular structures under earthquake
11  excitations has not been fully understood, and no seismic design method specifically tailored for
12 modular building structures is available. Moreover, although various inter-module connections
13 with different rotational connectivity have been proposed, their suitability for seismic application
14  is questionable. In this paper, the distributed seismic design method, which makes use of the lateral
15  resistance inherent in all modules, was proposed for modular buildings with steel frames. A
16  numerical parametric study was conducted on a 9-story prototype building. The effect of three
17  parameters, i.e., the rotational stiffness of inter-module connections, the seismic design force level,
18  and the height-wise distribution of the design base shear, were studied. The results show that the
19  rotational stiffness of inter-module connections has limited impact on the elastic lateral stiffness
20  and the fundamental period of modular steel frames. However, in the inelastic range, the increase
21  in the rotational stiffness will lead to less plastic drift concentration and better collapse prevention
22 performance. Increasing the seismic design force may not result in enhanced collapse prevention
23 performance, as it is also dependent on the height-wise distribution of the design base shear and if

24  significant higher-mode response is involved in the total response of the structure.
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1 Introduction

The modular construction method, in which the off-site prefabricated modules are
transported and assembled on site to form the entire building, brings the benefits of improved site
safety, reduced workload on site, better quality control, shorter construction period, and less
construction waste [Lawson et al., 2012 & 2014; Kamali & Hewage, 2016; Ferdous et al., 2019].
This construction method has, therefore, been promoted in the construction industry around the
world, and it is gaining popularity especially for buildings with repetitive architectural and
structural layouts, e.g., hotels, hospitals, schools, etc. [Smith, 2010; Deng et al., 2020] Steel is
popularly used in the structure of modular buildings owning to its flexibility in architectural design,
lightweight, and convenience in assembly as compared to concrete or timber framed modules
[Lawson & Ogden, 2005; Gatheeshgar et al., 2021].

Modular buildings with steel structures are constructed through assembly of individual
modular units as shown in Fig. 1. Coming along with this construction methods are some unique
structural characteristics. Firstly, each module typically consists of floor beams and ceiling beams.
As such, two layers of beams (floor beam and ceiling beam) exist at each floor level, as compared
to only one layer of beams in conventional buildings. Secondly, modular units are usually
connected between corner columns through inter-module connections. Floor diaphragms of
modular buildings are therefore discontinuous, while diaphragms at each floor in conventional
buildings are continuous. Moreover, although various types of inter-module connections have been
proposed [Deng et al., 2018; Chen et al., 2017a & 2017b; Lacey et al., 2019; Dai et al., 2020; He
et al., 2021], focus has been mostly on their axial and shear strength, and limited rotational
connectivity is provided in general [Liew et al., 2019; Chua et al., 2020]. For instance, for the

tested specimens in Dai et al. [2019], the moment resistances of the inter-module connections were
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around 8% of the yield moment resistance of the column section, and the rotational stiffnesses of
the inter-module connections were less than 0.5E1./L., which is very close to nominally pinned.
The outcome is that columns are not continuous in terms of bending moment transfer between
upper and lower modules. In terms of the requirement on rotational stiffness of inter-module
connections in seismic design, limited research has been conducted and no design guideline has

been available.

Welded
Beam-Column
Connections Inter-Module

Connection

Floor Beam

Ceiling Beam

Frame of Modular Unit Simplified Frame of Modular Building Unique Characteristics

Fig. 1. Modular building with steel frames

Previous studies have revealed that, due to the unique structural characteristics mentioned
above, different seismic behavior is expected from modular buildings as compared with
conventional buildings. Conventional seismic design methods may not be applicable to modular
buildings, as in some respects conventional methods do not account for the unique characteristics
of modular buildings. Annan et al. [2009a] experimentally studied the behavior of a steel modular
frame with diagonal braces, in which the design and construction of the test specimen accounted
for the unique detailing requirements of modular buildings. Severe bending deformation was
observed in the column segment between the ceiling beam and floor beam, while braced did not
undergo much deformation. In Annan et al. [2009b] and Fathieh & Mercan [2016], several modular
buildings with steel braced frames were designed following the conventional seismic design
method, and nonlinear response history analyses under a set of ground motion records were

conducted. Severe concentration of inelasticity in one story was reported in both studies. They
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concluded that one key reason was that the insufficient rotational connectivity between columns
limited the redistribution of internal forces from one module to another. Srisangeerthanan et al.
[2018] studied the effect of diaphragm discontinuity on the seismic response of modular steel
buildings. They found that the increased diaphragm flexibility led to dramatically larger inter-story
drift and the inertial forces were considerably different from calculated values using the equivalent
lateral force procedure in current seismic codes.

Currently there are no seismic design methods available that are tailored for modular
buildings to account for their unique characteristics. In this paper, a new seismic design method,
namely, the distributed seismic design method, is proposed specifically for modular buildings with
steel frames. The distributed seismic design method is intended to account for the unique
characteristics of modular buildings and to make use of the inherent significant lateral resistance
in the steel frame of all modules. A 9-story prototype building was designed following the
proposed method, and a numerical parametric study was conducted. Based on the validated
numerical modeling method, 24 models were created to study the effect of three parameters, i.e.,
the rotational stiffness of inter-module connections, the seismic design force level, and the height-
wise distribution of the design base shear. Firstly, the fundamental natural periods of the steel
modular frames were studied through the linear elastic analysis. Subsequently, through the
nonlinear static (pushover) analysis, the plastic mechanisms of the structure under lateral loading
were evaluated. Last, nonlinear response history analyses (NRHAs) under 22 ground motion (GM)
records were conducted for each model. The effect of different parameters on the collapse
prevention performance was investigated.

2 Distributed seismic design method
2.1 Concept of the distributed seismic design
With building modules prefabricated in controlled environment and the increasing adoption

of automatic welding robots, beams are typically welded to columns with high quality for modules
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with steel frames. Under the new normal, the frame of each module is effectively a moment-
resisting frame that can provide significant lateral resistance | Liu et al., 2020], as illustrated in Fig.
2(b). By exploiting the lateral resistance of all the modules, the concept of distributed seismic
design is proposed in this study. Under the new concept, the frames of all modules are part of the
seismic force resisting system (SFRS) and will contribute to the lateral resistance for the whole

building, as illustrated in Fig. 2(a).

(@
Gravity load
= Seismic load (b)
B Ak S 2 Ceiling beam
—/ —
Plastic hinge
e [ ——
Floor beam
e paves paves pes

Fig. 2. (a) Seismic load resisted by all modules; (b) Deformation of the moment frame of
one module to resist lateral load

In the seismic design of conventional buildings, only a few SFRSs (either braced frames,
moment frames, or shear wall systems, etc.) are generally adopted in each principal direction of
the building. The seismic inertial forces have to be transferred in the floor diaphragm to the SFRSs
before being transferred to the ground. Compared with the conventional seismic design, the
distributed seismic design can provide the following advantages:

(1) The seismic inertial forces originated from the dynamic effect on the mass can be
transferred to the ground directly by the module frame to which it belongs. In other words, the
seismic force does not have to be transferred horizontally in the floor plane first to the SFRS before
being transferred to the ground. This advantage is of particularly benefit for module buildings

because floor diaphragms are usually discontinuous and horizontal force transfer within the

building relies mainly on inter-module connections.
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(2) With the design seismic force distributed to all modules, uniform structural design will
be needed for repetitive modules at the same story. Even for structural design of modules at
different stories, less variation would be expected because gravity loads (almost the same for all
modules) play a more significant role in the distributed seismic design than in conventional seismic
design. Uniform and standardized structural design is particularly preferred by the fabrication of
modules in factory as it means no modification in the fabrication procedure, fewer types of
materials and steel sections, less material waste, and therefore less error and shorter fabrication
period.

(3) More seismic redundancy will be achieved with the lateral resistance distributed in all
modules. In other words, the failure of one or a few components will not result in much loss in the
lateral resistance of the whole modular building structure.

2.2 Design method

Following the distributed seismic design concept, a design method based on the conventional
seismic design framework with modifications was proposed, as elaborated below. Firstly, the
seismic design force (also termed ‘seismic design base shear’ in some codes) was determined and
distributed over the height of the building. For determination of the seismic design force, similar
parameters have been adopted in different codes to account for the nonlinear behavior of structures
under earthquake loading, for instance, the seismic response modification factor, R, in ASCE/SEI
7 |ASCE, 2016] and the structural behavior factor, ¢, in Eurocode 8 [CEN, 2004]. Due to the lack
of research, the optimum seismic design force level (i.e., the optimum value of R or ¢) has not
been quantified. In the case study presented in the following sections, two trial values of R will be
adopted to study the effect of different seismic design force levels. Moreover, two height-wise
distribution of the design base shear will be considered in the following parametric study.

Subsequently, the capacity-based design method was adopted to conduct the structural

design. With the similarity of the steel modular frame to the traditional moment-resisting frame, it

6/35



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

is proposed that the modular frame develops inelastic lateral deformation through the formation of
plastic hinges at beam ends and the columns are designed to be stronger than the fully yielded and
strain-hardened beams.

The beam sections were first determined through linear static analysis of the structure under
the combined gravity load and the design seismic load. As explained in Introduction, most existing
inter-module connections have limited bending moment transfer capacity. For the structural design
in this study, inter-module connections are assumed to be pinned. By assuming the moments at
beam ends reach the expected flexural strength of the respective beam (Meyp 1), the force demands
on the columns can be determined accordingly, as shown in Fig. 3. The expected flexural strength
of the beam as determined as

Mexpp = RyMpp, (1)
where My, is the plastic moment resistance of the beam based on the specified minimum yield
strength and Ry is the ratio of the expected yield strength of the steel to the specified minimum
yield strength in line with AISC 341 [AISC, 2016]. As corner columns are common to the two
frames in the orthogonal planes, their design shall be designed based on the demands from the two

frames assuming earthquake strikes in either of the two principal directions.
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Fig. 3. Capacity-based design of the modular frame with plastic hinges at beam ends

3 Case study
3.1 Prototype building

A 9-story prototype modular residential building with steel frames was studied. The plan
view of the building and the dimensions of each module are shown in Fig. 4. A distance of 200
mm is assumed between centerlines of the adjacent ceiling beam and floor beam. The design
gravity loads are listed in Table 1, where the dead load consists of the self-weight of structural
elements and the superimposed dead load of utilities and finishes. A line load of 5 kN/m on floor
beams is also considered to account for the light-weight infill walls. The seismic weight was

determined as 1.0D+0.5L.
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Fig. 4. Dimensions of the 9-story prototype building with repetitive module layout and the frame
of one stack of modules

Table 1. Gravity loads and seismic parameters

Dead load (D) Live load (L)
Gravity Roof 4 kN/mi 1 kN/mi
load Flppr slab 4 kKN/m 2 kKN/m
Ceiling slab 2.5 kN/m? 0
Floor beam 5 kN/m -
Seismic Design Category (SDC): C
.. Site class: C
Seismic B
parameters Sps =0.5g
SDl = 02g

Importance factor = 1.0

The seismic hazard was quantified according to ASCE/SEI 7 [ASCE, 2016]. The building
was intended to be located in a moderate seismic region with site class C. In particular, the Seismic
Design Category is C with the short-period response acceleration parameter (Spg) of 0.50g and 1-
second response acceleration parameter (Sp;) of 0.20g. The load combinations considered in the
structural design include: 1.4D, 1.2D+1.6L, 1.2D+ E\+ E;, +L, and 0.9D- E\+ Ej, where Ej; and E,
are horizontal and vertical seismic load, respectively. The vertical seismic load was determined in
accordance with ASCE/SEI 7 [ASCE, 2016].

The structure design was conducted following the procedure described in Section 2. The
seismic behavior in the East-West direction of the building was studied. As the prototype building

has repetitive module layout in each story, the mass and the seismic force are assumed to be
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distributed equally to each module. Following the distributed seismic design method, the structural
design of all modules in the same story was the same. Consequently, each stack of modules is
expected to experience the same response under earthquake excitations in the East-West direction,
which will be discussed further in Section 4.2. As such, the frame of only one stack of modules
was considered in the following numerical analyses, whose front view is shown in Fig. 4.
3.2 Parametric study

For the seismic design of steel moment frames, a response modification factor (R) in the
range of 3 to 8 is specified in ASCE/SEI 7 [ASCE, 2016], depending on the seismic design method.
With the similarity of steel modular frames to the conventional steel moment frames, two trial
values within the range, specifically, 3 and 6, were considered for the response modification factor
(R) to study the effect of different seismic design force levels. For the calculation of design base
shear, the fundamental period (7%) calculated by the empirical formula in ASCE/SEI 7 [ASCE,
2016] was used.

The current height-wise distribution of design base shear in building codes are generally
based on 1®-mode dynamic solution of the corresponding lumped-mass system assuming a linear

mode shape [Chao et al., 2007], which can be expressed as

wyh,
F=Var—r 2
L Z?zl Wihi ( )

where F; is the lateral force at the i level, V is the design base shear, w; is the lumped
seismic mass at the i level, h; is the height of the i" floor. To account for the higher-mode effect,
other distributions have been proposed, for instance, the addition of a concentrated lateral force

(F;) at the top level [NRCC, 2015], which is expressed as

wyh,

Fi=W-F) n"—h 3)

i=1 Willi
To study the effect of different height-wise distribution of the design base shear, both the
distributions expressed in Eqs 2 and 3 were considered in the design of the prototype building,

referred to as 1%-Mode distribution and Higher-Mode distribution, respectively. For consistent
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comparison, the concentrated lateral force (F;) at the top level was taken as 0.25V in all cases
where the Higher-Mode distribution was adopted.

After determination of the required strength demands, the sections of beams and columns
were selected in accordance with the provisions in AISC 360 [AISC, 2016]. Rectangular or square
steel hollow structural sections (HSSs) categorized as Highly Ductile were adopted in order for
ductile behavior of plastic hinges under severe earthquakes. The steel grade for the HSSs is ASTM
AS500 Grade C with the minimum specified yield strength of 345 MPa. The structural design results
of the prototype building are listed in Appendix A.

Under strong earthquakes, the rotational connectivity of inter-module connections may help
to redistribute the plastic lateral drifts over the building height [MacRae et al., 2004]. To study the
effect of rotational stiffness of the inter-module connections, 6 different rotational stiffnesses were
studied. The two extreme cases are pinned and rigid, with the corresponding stiffness of the
rotational spring of zero and infinity, respectively. Four other stiffnesses in between as illustrated
in Fig. 5 were included. They are differentiated by the rotation (6) of the inter-module connection
when the bending moment reaches the plastic moment resistance (Mp, ¢, calculated based on the
specified minimum yield strength and plastic section modulus) of the connected upper column
section. For instance, the term ‘K20’ denotes the stiffness of the inter-module connection that will

rotate by 20% radians under the bending moment of M, .. For convenience of reference, all the
cases in the parametric study are labeled and their meanings are listed in Table 2.

AM

10 20 30 40

Fig. 5. Definition of terms for rotational stiffness of inter-module connections

Table 2. Study cases in the parametric study
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Model ID R Height-wise distribution Rotational stiffness
R3-1st-Pin 3 1*-Mode distribution Pin
R3-1st-K40 3 1*-Mode distribution K40
R3-1st-K30 3 1*-Mode distribution K30
R3-1st-K20 3 1*-Mode distribution K20
R3-1st-K10 3 1*-Mode distribution K10
R3-1st-Rigid 3 1*-Mode distribution Rigid
R3-Higher-Pin 3 Higher-Mode distribution Pin
R3-Higher-K40 3 Higher-Mode distribution K40
R3-Higher-K30 3 Higher-Mode distribution K30
R3-Higher-K20 3 Higher-Mode distribution K20
R3-Higher-K 10 3 Higher-Mode distribution K10
R3-Higher-Rigid 3 Higher-Mode distribution Rigid
R6-1st-Pin 6 1#-Mode distribution Pin
R6-15t-K40 6 1#-Mode distribution K40
R6-1st-K30 6 1*-Mode distribution K30
R6-1st-K20 6 1*-Mode distribution K20
R6-1st-K10 6 1#-Mode distribution K10
R6-1st-Rigid 6 1#-Mode distribution Rigid
R6-Higher-Pin 6 Higher-Mode distribution Pin
R6-Higher-K40 6 Higher-Mode distribution K40
R6-Higher-K30 6 Higher-Mode distribution K30
R6-Higher-K20 6 Higher-Mode distribution K20
R6-Higher-K 10 6 Higher-Mode distribution K10
R6-Higher-Rigid 6 Higher-Mode distribution Rigid

4 Numerical modeling
4.1 Validation of numerical modeling method

To develop and validate the numerical modeling method that is to be adopted in the following
parametric study, numerical models were developed for the experimental test specimens reported
inDaietal. [2019]. As shown in Fig. 6, the test specimens consisted of all the essential components
that form the modular frames, i.¢., floor and ceiling beams, columns, and inter-module connections,

which are therefore deemed appropriate for validation of numerical models in this study.
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Fig. 6. (a) Test setup for the modular structure subassembly [ Dai et al., 2019]; (b) Numerical
model

Two-dimensional numerical models were developed in OpenSees [ McKenna, 1997]. Beams
and columns were modeled using displacement-based beam-column elements with fiber-based
sections replicating the corresponding geometric dimensions [Wang et al., 2021; Xu et al., 2022].
For discretization of structural elements and fiber-based sections, at least 8 elements for each beam
and column, 10 fibers along the section width/height and 4 fibers through the section thickness
were used. Rigid connection was assumed for the welded beam-to-column connections. Due to the
strengthening of the beam-to-column joints typical of modular structures, e.g., the addition of joint
box and end plates in Dai et al. [2019], the beam-to-column joints usually remain elastic. As such,
the beam-to-column joints were modeled elastic in this study. For each inter-module connection,
an elastic rotational spring was adopted to capture the behavior under bending. The stiffness of the
rotational spring was determined following the guidance in Dai et al. [2019].

The steel material was modeled using the Steel02 uniaxial material model. The tension
coupon test results were used to define the yield strength (Fy =393.8 MPa) and the strain hardening
ratio (b = 0.35%). Recommended values for typical steel material were adopted for other
parameters [Mazzoni et al., 2009], specifically, RO =15, cR1 =0.925, cR2 = 0.15. The boundary
conditions were set consistent with those in the test; loading was applied following the loading

protocol prescribed in the literature [ Dai et al., 2019].
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Fig. 7. Comparison between the numerical and experimental results

As shown in Fig. 7, a good match was obtained between the numerical and experimental
results up to the inter-story drift ratio (IDR) of 5%. It implies that the adopted numerical modeling
method could capture the behavior of steel modular frames up to IDR of 5% with satisfactory
accuracy.
4.2 Numerical modeling of the prototype building

The numerical modeling of the structure followed the validated method described in Section
4.1. The yield strength was set as the expected yield strength for ASTM A500 Grade C as specified
in AISC 341 [AISC, 2016], 1.e., 1.3x345 = 448 MPa, where 1.3 is the ratio of the expected yield
strength to the specified minimum yield strength. Other parameters were the same as those adopted
in the validation models. The Rayleigh damping was adopted with the modal damping ratio set as
2% for the first two modes.

To study the possible interaction between different stacks of modules of the prototype
building through horizontal inter-module connections, a numerical model was first constructed for

a structure with 3 modules in each of X, Y, Z directions as shown in Fig. 8(a). For the horizontal
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inter-module connections, the configuration reported in Chua et al. (2020) was assumed, and the
modeling method recommended in Chua et al. (2020) was followed in the numerical models. For
comparison, a numerical model for one stack of modules was also constructed as shown in Fig.
8(b). Both the structure of 3x3 stacks of modules and the structure of one stack of modules were

taken from the bottom three stories of the prototype building.

6000

(b)

Fig. 8. (a) Structure of 3x3 stacks of modules; (b) Structure of one stack of modules

The vibration modes of the two structures were studied through modal analyses. The first
three modal shapes and corresponding periods are presented in Fig. 9. As shown, the first and
second modal shapes and the associated periods of the structure with 3x3 stacks of modules are
the same as those of the structure with one stack of modules. This is because the structure of 3x3
stacks of modules is the 3x3 repetition of one stack of modules and no strong interaction between
modules is expected under the lateral vibration. However, the two structures have different
torsional vibration modes and associated periods. This is because under torsional vibration, the
whole building tends to rotate around the center of the building and different stacks of modules
will deform differently. In this case, strong interaction will be involved between modules through
horizontal inter-module connections. In contrast, the rotation of one stack of modules will be

around the center of the module without influence of adjacent stacks of modules.
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290 Fig. 9. First three modal shapes and periods

291 As the prototype building has a regular plan and the dimensions of all modules are the same,
292 not much torsional response will be expected. The lateral vibration modes and periods of one stack
293  of modules will be representative of those of the whole prototype building. Under earthquake
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excitations in one principal direction of the building, the same response will be expected for
different stacks of modules. As such, the frame of only one stack of modules was studied for the

prototype building, whose numerical model is shown in Fig. 10.

£ } — Inclastic Beam-Column element
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Load from out-of-plane beam

b |
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Fig. 10. Numerical model of the modular structure

4.3 Natural periods of modular frames

The periods for the first three modes of vibration of modular frames were determined through
eigenvector analyses and listed in Table 3. The modal participating mass ratio (MPMR) associated
with each mode was also listed in Table 3. Fig. 11 (a) and (b) show the first three modal shapes
for the model R3-Higher with pinned inter-module connections and with rigid inter-module
connections, respectively. It was found that the rotational stiffness has little impact on both the
first (also called fundamental) and second periods. This is because under the first and second
vibration modes, the rotation of the inter-module connections is limited, and the rotational stiffness
of inter-module connections therefore does not contribute much to the lateral stiffness of the whole
frame. Under the third (and higher) vibration mode, more rotation of inter-module connections is
involved, and increasing rotational stiffness will result in higher lateral stiffness and shorter

associated period.
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As expected, natural periods of the structure designed with R=3 (i.e., higher seismic design

force level) are shorter than in the case of R=6. This is because strength and stiffness are usually

correlated, and a stiffer structure is often resulted when designed for a higher seismic force level.

Likewise, periods of structures designed following the Higher-Mode distribution of the design

base shear are slightly shorter than when the 1%-Mode distribution was considered. This is because

the design shear force demands, especially in upper stories, are generally larger under the Higher-

Mode distribution. It is worth noting that only the contribution of structural elements to the

stiffness was considered in the calculation of fundamental periods. Further experimental study is

needed to evaluate the actual fundamental periods of modular buildings with steel frames with the

consideration of stiffness contribution from non-structural elements, e.g., infill walls.

Table 3. Natural periods and modal participating mass ratios (MPMRs) of the modular frames

Model Pin K40 K30 K20 K10 Rigid
Voo Period(®) 292 2.92 2.92 2.02 2.92 291

MPMR 0.76 0.76 0.76 0.76 0.76 0.76

Period(s)  1.19 1.19 1.19 1.19 1.19 1.14

R3-Ist - Mode2 " yny iR 0.13 0.13 0.13 0.13 0.14 0.14
Mode3 Period(® 075 0.75 0.75 0.74 0.74 0.64

MPMR 0.04 0.04 0.04 0.04 0.04 0.05

Mode|  Period®) 280 2.80 2.80 2.80 2.80 2.79

MPMR 0.79 0.79 0.79 0.79 0.79 0.79

R3- . Period(s 106 1.06 1.06 1.05 1.05 1.01
Higher MPMR 0.13 0.13 0.13 0.13 0.13 0.12
Modes Period(®  0.65 0.64 0.64 0.63 0.62 0.57

MPMR 0.04 0.04 0.04 0.04 0.04 0.04

Moo  Period®) 427 426 426 426 425 421

MPMR 0.79 0.79 0.79 0.79 0.79 0.78

Period (s)  1.63 1.62 1.62 1.61 1.60 1.56

Ré-Ist — Mode2 " ymViR 012 0.12 0.12 0.12 0.12 0.12
Modes Period(®) 102 1.00 0.99 0.98 0.95 0.85

MPMR 0.04 0.04 0.04 0.04 0.04 0.04

Mode Period(®) 4.6 4.05 4.05 4.04 4.03 3.99

MPMR 0.81 0.81 0.81 0.81 0.81 0.80

R6- oy, Period(® 151 1.49 1.49 1.48 1.47 1.40
Higher MPMR 0.11 0.11 0.11 0.11 0.11 0.11
Modes Period®  0.90 0.88 0.87 0.86 0.85 0.77

MPMR 0.04 0.04 0.04 0.04 0.04 0.04
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Fig. 11. Modal shapes of the modular frame: (a) Model R3-Higher with pinned inter-module
connections; (b) Model R3-Higher with rigid inter-module connections

5 Inelastic static (pushover) analysis

The pushover analysis has been proven an effective and efficient method to provide insight
into structural behavior under earthquake lateral loading |[Krawinkler & Seneviratna, 1998].
Although the pushover results may not mimic accurately the dynamic response, they can be used
to cross validate the nonlinear dynamic analysis results that will be presented in Sections 6.

For each model of the parametric study listed in Table 2, the frame was subject to lateral
forces with an invariant height-wise distribution m@®;, where m is the mass matrix of the idealized
lumped-mass model, and @ is the 1%-mode shape obtained through the eigenvector analysis in

Section 4.3.
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Displacement control was applied to study the formation of the mechanism and the structural
behavior after mechanism formation. As the roof displacements might not be monotonic in some
cases (e.g., the ‘roof backward phenomenon’ discussed later on), the control node in the analysis
was chosen at ceiling level of the 15-story module. Fig. 12 shows the normalized global pushover
(base shear-roof drift) curves for all the cases in the parametric study, in which the base shear is

normalized to the weight of the structure, and the roof drift is normalized to the structural height.
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Fig. 12. Normalized global pushover curves for different models
For cases in each subplot, of which the only difference was the rotational stiffness of the
inter-module connections, curves coincide in the initial linear branch, implying that these
corresponding structures have the same global lateral stiffness. This further verifies the conclusion
that the rotational stiffness of inter-module connections has limited impact on the elastic lateral

stiffness and therefore the fundamental period of the steel modular frames.
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For all the models, after yielding occurs, the base shear reached a peak value, and then
declined at different rate without plateau. Two behavioral patterns can be identified for the
structures in the parametric study. In the first pattern, the roof drift continues increasing with the
declined base shear, which resulted in the ‘negative stiffness’ branch in the global base shear-roof
drift curve. The ‘negative stiffness’ behavior was mainly due to the P-delta effect and the reduced
lateral stiffness caused by plastic deformation in some modules. Fig. 13(a) shows the deformation
of the model R3-1st-Rigid at the point E’ of the corresponding pushover curve. The inter-story
drift development of the 9 stories throughout the pushover analysis were also plotted in Fig. 14(a)
for R3-1st-Rigid, with key steps corresponding to the points on the global pushover curve noted.
The inter-story drift ratio (IDR) for the modular frame is defined as the ratio of the drift difference
between the ceiling and the floor to the module height in this study. As shown, after the peak base
shear reached, significant plasticity developed, especially in the lower modules, which led to
substantial loss in the lateral stiffness of these stories. Due to the P-delta effect, the lateral load had

to be decreased with the increase in the drift to keep the stability of the structure.

Pinned joiht
@ Plastic hinge

(a) (b)
Fig. 13. Deformation at the end of pushover analysis: (a) R3-1st-Rigid; (b) R3-1st-Pin and the

soft-story mechanism (deformation amplification factor = 5)
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Fig. 14. Inter-story drift development of the 9 stories during the pushover analysis

In the second pattern, after the base shear reached the peak, the roof drift decreased, that is,
the roof moved backward. This phenomenon is termed ‘roof backward phenomenon’ in this study.
To illustrate the phenomenon, the inter-story drift development of the 9 stories throughout the
pushover analysis were plotted in Fig. 14(b) for R3-1st-Pin. As shown, in the elastic phase, the
story drifts are similar and increased with the almost same rate. However, after the base shear
reached the peak, the story drift in the bottom module increased suddenly and a soft-story
mechanism formed. Fig. 13(b) shows the deformation of R3-1Ist-Pin at the point E of the
corresponding pushover curve. Due to the concentration of lateral deformation in the soft story
and the P-delta effect, the lateral load declined sharply, which resulted in the story drift decline in
other modules. The roof drift, which is the summation of drifts in all modules, as a result, decreased.
The faster the roof moves backward, the more severe the drift concentration in the soft story is.
The ‘roof backward’ behavior represents a higher level of drift concentration than the ‘negative
stiffness’ behavior.
5.1 Effect of rotational stiffness of inter-module connections

The rotational stiffness of inter-module connections has a significant impact on the structural
behavior when plasticity occurs. Firstly, with the increase in the rotational stiffness, the ultimate
base shear was increased, indicating a higher level of overstrength. Secondly, strengthening the

rotational stiffness could shift the post peak base shear behavior from ‘roof backward’ to ‘negative
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stiffness’, indicating a less extent of drift concentration in the soft story. A comparison of Fig. 13(a)
and 13(b) shows visually that the drift concentration was significantly mitigated by changing the
inter-module connections from being pinned to rigid.

This is because, for modular frames with pinned inter-module connections, if the P-delta
effect is temporarily excluded, the lateral resistance of one module is independent of other modules

and can be estimated as

_ Z Mp,b

r == ©
where the numerator is the summation of the plastic moment resistances of four plastic hinges in
the beams (two in the floor beam and two in the ceiling beam), the denominator is the height of
the module. If the rotational stiffness of inter-module connections is increased, the lateral
resistance of one module will be increased, and the lateral deformation will be more distributed
because the deformation of adjacent modules will be mobilized. As the P-delta effect is
proportional to the lateral deformation, more severe drift concentration will therefore be obtained
for pinned inter-module connections. For all cases with pinned inter-module connections, the ‘roof
backward’ behavior was obtained, indicating the vulnerability of steel modular frames to drift
concentration in the soft story if pinned inter-module connections were used.
5.2 Effect of seismic design force levels

Comparison between the subplots of Fig. 12 shows that the smaller value of R (i.e., higher
seismic design force) could shift the post peak base shear behavior from ‘roof backward’ to
‘negative stiffness’ (e.g., R6-1st-K20 vs R3-1st-K20), or reduce the slope of the negative stiffness
branch (e.g., R6-1st-Rigid vs R3-1st-Rigid), implying a mitigation of the adverse P-delta effect.

This is because the relative importance of P-delta effect was decreased, which can be estimated by

the story stability coefficient
0 = — (5)
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where § is the lateral drift under lateral load V, P is the gravity load, and # is the building height.
With the gravity load and building height the same for all the structures, the larger lateral stiffness
resulted from the higher seismic design forces lead to a lower value of the story stability coefficient.
6 Nonlinear response history analysis (NRHA)

NRHAs were conducted for all the structures designed in the parametric study to study the
seismic behavior under maximum considered earthquakes (MCEs) with a returning period of 2475
years (corresponding exceedance probability of 2% in 50 years) [ASCE, 2016]. The focus was on
collapse prevention performance and collapse evolution in case of collapse.

6.1 Ground motion (GM) selection and scaling

To account for the uncertainty in earthquake ground excitations, the set of 22 GM records
developed in FEMA P695 [FEMA, 2009] was adopted in this study. The basic information about
the GM set is listed in Table 4. The number of GM records is deemed sufficient to account for the
variation in earthquake ground excitations. Moreover, the GM records were selected with the aim
of being applicable to a variety of structural systems and different sites. More relevant information
can be found in FEMA P695 [FEMA, 2009].

Following the scaling instructions, the GM records were scaled to match the seismic hazard
of the prototype building specified in Section 3.1, by anchoring the median spectrum of the record
set to the corresponding MCE spectral acceleration at 3.5 s. The MCE spectrum and the response
spectra of individual scaled GM records are plotted in Fig. 15. The anchoring point was set at 3.5
s because it lies approximately halfway in the range of fundamental natural periods of the

structures studied.
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Table 4. Information of the ground motion record set [FEMA, 2009]

EQ Earthquake . . Source
ID Recording Station
No. M Year Name (Fault Type)
. Beverly Hills -
1 6.7 1994 Northridge Mulhol Thrust
. Canyon Country-
2 6.7 1994 Northridge WLC Thrust
3 7.1 1999 Duzce, Turkey Bolu Strike-slip
4 7.1 1999 Hector Mine Hector Strike-slip
5 6.5 1979 Imperial Valley Delta Strike-slip
6 6.5 1979 Imperial Valley El Cel};ﬁ Array Strike-slip
7 6.9 1995 Kobe, Japan Nishi-Akashi Strike-slip
8 6.9 1995 Kobe, Japan Shin-Osaka Strike-slip
9 7.5 1999 Kocaeli, Turkey Duzce Strike-slip
10 7.5 1999 Kocaeli, Turkey Arcelik Strike-slip
11 7.3 1992 Landers Yermo Fire Station Strike-slip
12 73 1992 Landers Coolwater Strike-slip
13 69 1989 Loma Prieta Capitola Strike-slip
14 69 1989 Loma Prieta Gilroy Array #3 Strike-slip
15 7.4 1990 Manjil, Iran Abbar Strike-slip
16 6.5 1987  Superstition Hills El Centro Imp. Co. Strike-slip
17 6.5 1987  Superstition Hills Poe Road (temp) Strike-slip
18 7.0 1992 Cape Mendocino Rio Dell Overpass Thrust
19 7.6 1999 Chi-Chi, Taiwan CHY101 Thrust
20 7.6 1999 Chi-Chi, Taiwan TCU045 Thrust
21 66 1971 SanFemando FA - Hollywood Thrust
22 6.5 1976 Friuli, Italy Tolmezzo Thrust
3 T -
- Individual GM
202.5 Mean 1
5 = = = MCE
B 1st
<
T 1
S0s
0
0 1 2 % 4
Period (s)

Fig. 15. Response spectrum of the selected and scaled GM set and MCE
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433 6.2 Seismic response under certain GM record

434 The model R6-1st-Pin collapsed subject to GM 15, and its response is typical of the collapses
435  exhibited by the structures studied. The inter-story drift ratio (IDR) histories of all the 9 stories are
436  presented in Fig. 16(a). During the response cycle bounded by the black dashed lines, the IDR of
437  the bottom module increased to a local peak of -5%, while the IDRs of other modules remained
438  small. Severe plastic drift concentration in the bottom module occurred and a soft-story mechanism
439  formed. The bottom module did not follow all the above modules to move back to its original
440  position in the second half of the response cycle. During the following response cycle, the drift
441  concentration in the bottom module increased further and structural instability finally occurred due
442  to the large lateral drift and the P-delta effect. This collapse mechanism is consistent with the soft-

443  story mechanism in the bottom module revealed through the pushover analysis.
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444 Fig. 16. Inter-story drift history of individual stories under GM 15
445 For purpose of comparison, the response of the model R6-1st-K40 under GM 15 is presented

446  in Fig. 16(b). Collapse was prevented in this case. Almost the same behavior was obtained prior

447  to the response cycle bounded by the black dashed lines. During the response cycle, the IDR of
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the bottom module reached to a peak larger than those of all the other modules. However, the
difference between the peak IDRs was much smaller than in the model R6-1st-Pin, indicating a
less severe drift concentration. As the only difference of the model R6-1st-K40 from R6-1st-Pin
is the rotational stiffness of inter-module connections, it is believed that the rotational restraint by
the inter-module connections helped to mitigate the plastic drift concentration and avoid the
collapse eventually by mobilizing the lateral resistance of the upper modules.
6.3 Effect of design parameters on collapse prevention

The numbers of GM records under which collapse occurred are statistically studied to
examine the effect of the three parameters considered in the parametric study. Firstly, the collapse
criteria are pre-determined. In addition to the dynamic instability, the cases in which the IDR
exceeded 5% were also counted as collapse. The 5% drift limit is chosen for two reasons. First,
the nonlinear analyses were deemed to have sufficient accuracy to the IDR of approximately 5%.
Second, previous experiments indicate that most beam-to-column connections and columns do not
retain sufficient resistance beyond this drift level. Similar collapse criteria were used in other
studies |Fahnestock et al., 2007; Hsiao et al., 2013]. Based on the collapse criteria, the number of
GM records under which collapse occurred were examined for all the studied structures and

presented in Fig. 17.
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Fig. 17. Number of collapses out of 22 GM records
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The most noticeable trend is that the number of collapses decreased with the increase in the
rotational stiffness of inter-module connections, irrespective of the seismic design force level and
the height-wise distribution of the design base shear. With the inter-module connections changed
from being pinned to rigid, the number of collapses decreased from § to 2, 9 to 2, 9 to 3, and 4 to
0, for the model R6-1st, R6-Higher, R3-1st, and R3-Higher, respectively. In light of the results of
the pushover analyses, it is believed that with the increase in the rotational stiffness of inter-module
connections, the lateral resistance of each module is no longer independent. The column bending
deformation in one module will be restrained by columns in the adjacent modules. As such, the
lateral drift concentration and the soft-story mechanism can be mitigated, if not eliminated, which
plays a crucial role in the collapse prevention of steel modular structures.

Comparison between Fig. 17(a) and 17(b) reveals that the effects of the seismic design force
level and the height-wise distribution of the design base shear cannot be evaluated in isolation. For
structures with R=6, the Higher-Mode distribution seemed not to have much impact on the number
of collapses. In contrast, for structures with R=3, the Higher-Mode distribution helped to reduce
the collapse number significantly. Likewise, for structures designed with the 1¥-Mode distribution,
changing R from 6 to 3 resulted in little change in the number of collapses. However, for structures
designed with the Higher-Mode distribution, changing R from 6 to 3 resulted in substantial
reduction in the number of collapses.

The shape of the envelope of maximum IDRs may provide the insight into the tangled effect
of the seismic design force level and the height-wise distribution of the design base shear. Fig. 18
shows the envelopes of maximum IDRs under individual GMs for the four structures with rigid
inter-module connections. Also presented in Fig. 18 are the mean and mean plus one standard
deviation of maximum IDRs. As shown, for the two structures with R=6, a more uniform envelope
of maximum IDRs was obtained for the structure designed with the 1-Mode distribution of the

design base shear. The respective structure designed with the Higher-Mode distribution exhibited
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smaller maximum IDRs at upper stories but larger maximum IDRs at lower stories. This indicates
that the seismic response of the R=6 structures was dominated by its 1¥-mode response. The
Higher-Mode distribution effectively strengthened the modules in the upper stories but made the

lower modules relatively less stronger. In this case, the adoption of the Higher-Mode distribution

did not lead to enhanced collapse prevention performance for the structure.
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Fig. 18. Envelope of maximum IDRs
In contrast, for the two structures with R=3, a more uniform envelope of maximum IDRs
was obtained for the structure designed with the Higher-Mode distribution of the design base shear,
while the respective structure designed with the 1-Mode distribution exhibited larger maximum
IDRs at upper stories. This indicates that significant higher-mode responses were involved in the
seismic response of the R=3 structures. The Higher-Mode distribution of the design base shear

played a positive role in this case to account for the effect of higher-mode responses and lead to a
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more uniform envelope of maximum IDRs. As a result, the noticeably enhanced collapse
prevention performance was obtained for the structures with R=3.
7 Conclusions and design recommendations

In modular buildings with steel frames, the frame of each module can provide significant
lateral resistance as the beams are typically welded to columns. To make use of the inherent lateral
resistance in all modules, the distributed seismic design concept is proposed and a capacity-based
design method is developed in this study.

To study the seismic behavior of steel modular frames designed following the distributed
seismic design method, a numerical parametric study is conducted on a 9-story prototype building.
The studied parameters include the rotational stiffness of inter-module connections, the seismic
design force level, and the height-wise distribution of the design base shear. The main conclusions
are:

(1) For periods associated with modal shapes that involve little rotation of inter-module
connections, e.g., the fundamental period, the rotational stiffness of inter-module connections has
little impact. For higher modes of vibration which involve large rotation of inter-module
connections, increasing rotational stiffness will lead to shorter periods.

(2) If the inter-module connections have no (or little) rotational stiffness (idealized as
pinned), the lateral resistance of one module is independent of other modules. In this case, plastic
drift tends to concentrate in one module under lateral loading, and a soft-story mechanism is likely
to develop with the P-delta effect.

(3) With the increase in the rotational stiffness of inter-module connections, the rotation of
columns in one module will be restrained by adjacent modules. As such, the drift concentration in
one module will be reduced, and the collapse prevention capacity of steel module frames will be

enhanced.
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(4) Increasing the level of seismic design force only may not lead to enhanced collapse
prevention performance of steel modular frames, as it is also dependent on the height-wise
distribution of the design base shear and the response characteristics of the structure.

(5) The effect of different height-wise distributions of the design base shear is dependent on
the response characteristics of the structure. When significant higher-mode response is involved
in the total response, the Higher-Mode distribution of the design base shear will lead to a more
uniform envelope of the maximum IDRs and an enhanced collapse prevention performance.
However, in case the seismic response is dominated by the 1¥-mode response, the adoption of the
Higher-Mode distribution may not have a positive effect on the collapse prevention capacity of
steel modular frames.

Based on the findings, the following design recommendations are made:

(1) In design practice, linear analysis is often conducted first to obtain an estimation about
the fundamental period of the structure. For such an analysis, engineers may set inter-module
connections as either pinned or rigid as the rotational stiffness of inter-module connections has
little impact on the fundamental period of modular frame. However, when conducting nonlinear
static/dynamic analysis, appropriate rotational stiffnesses that are representative of the adopted
inter-module connections shall be defined in the model. The rotational stiffness of the inter-module
connections can be evaluated through experimental tests or numerical study.

(2) For design of inter-module connections, in addition to the translational connectivity,
sufficient rotational stiffness shall be provided to ensure satisfactory collapse prevention
performance. Its sufficiency can be evaluated through NRHAs under a set of ground motion
records that are representative of the seismic hazard of the building.

(3) To determine the height-wise distribution of the design base shear, preliminary nonlinear
dynamic analyses of the frame under a set of ground motion records are recommended to obtain

its response characteristics first. If the total response is dominated by the 1¥-mode response, the
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1%-Mode distribution shall be adopted. Otherwise, if significant higher-mode response is involved,
the Higher-Mode distribution shall be adopted.
Limitations

It is worth noting that the findings and conclusions made in this study may be applicable
merely to steel modular frames having a similar height to the prototype building and designed
following the proposed distributed seismic design method. Moreover, the optimum seismic design
force level has not been determined by this study and requires further extensive parametric study
which is ongoing by the authors.
Data availability

All data, models, or code that support the findings of this study are available from the
corresponding author upon reasonable request.
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Appendix A Structural design of the frames with different design parameters

Structure | Story 1 2 3 4 5 6 7 8 9
Col. 228.6x177.8x15.9 228.6x177.8x15.9 228.6x177.8x15.9 228.6x127x15.9 228.6x127x15.9 228.6x127x15.9 177.8x177.8x12.7 177.8x177.8x12.7 177.8x177.8x12.7
R6-1st F.B. 127x127x7.9 127x127x7.9 127x127x7.9 127x101.6x7.9 127x101.6x7.9 127x101.6x7.9 127x50.8%9.5 101.6x101.6x6.4 101.6%x63.5%6.4
C.B. 127x50.8%9.5 127%50.8%9.5 127%50.8x9.5 127%50.8x9.5 101.6x101.6x6.4 101.6%63.5%6.4 101.6%63.5%6.4 88.9x50.8x6.4 76.2x50.8%x4.8
Col. 228.6x228.6x15.9 228.6x177.8x15.9 228.6x177.8x15.9 228.6x177.8x15.9 228.6x177.8x15.9 228.6x127x15.9 228.6x127x15.9 177.8x177.8x12.7 177.8x177.8x12.7
H?g?l-er F.B. 127x127x7.9 127x127x7.9 127x127x7.9 127x127x7.9 127%x101.6x7.9 127%x101.6x7.9 127%76.2x7.9 127%50.8%9.5 101.6x101.6x6.4
C.B. 127x50.8%9.5 127x50.8%9.5 127%50.8x9.5 127%50.8x7.9 127x50.8x7.9 101.6x101.6x6.4 101.6x76.2x6.4 101.6%63.5%6.4 101.6x50.8%6.4
Col. 254x254%19 254x254%19 254x254x19 228.6x228.6x15.9 228.6x177.8x15.9 228.6x177.8x15.9 228.6x127x15.9 228.6x127x15.9 177.8x177.8x12.7
R3-1st F.B. 152.4x127x9.5 152.4x127x9.5 152.4x127x9.5 152.4x127x9.5 152.4x101.6x9.5 152.4%x76.2x9.5 127x101.6x7.9 127%x76.2x7.9 101.6x76.2x6.4
C.B. 152.4x127x9.5 152.4x127%9.5 152.4x101.6x9.5 152.4x101.6x9.5 152.4%76.2x9.5 127x127x7.9 127%x101.6x7.9 101.6x101.6x6.4 88.9x50.8x6.4
Col. 254x254x19 254%254x19 254x254%x19 228.6%x228.6x15.9 228.6x177.8x15.9 228.6x177.8x15.9 228.6x177.8x15.9 228.6x127x15.9 228.6x127x15.9
H?g:;l-er F.B. 152.4x127x9.5 152.4x127x9.5 152.4x152.4x9.5 152.4x127x9.5 152.4x101.6x9.5 152.4x101.6x9.5 152.4x76.2x9.5 127x101.6x7.9 127x101.6x7.9
C.B. 152.4x127x9.5 152.4x127x9.5 152.4x101.6x9.5 152.4x101.6x9.5 152.4x101.6x9.5 127x127x7.9 127x101.6x7.9 127x101.6x7.9 101.6x101.6x6.4

Note: Col. = Column; F.B. = Floor beam; C.B. = Ceiling beam; all sections are steel hollow structural sections (HSSs)
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