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Abstract
Modular Steel Buildings (MSBs) are fast evolving as an effective alternative to conventional onsite steel construction. An explanation of the concept of modular construction and a summary of
its commonly used construction details are given in this paper. This is expected to increase
awareness of this unique system among structural engineers and allow researchers to study its
critical elements. The paper also focuses on a typical floor system, which is conventionally
achieved in MSBs by welding the webs of the stringers directly to the webs of the floor beams. A
typical modular steel floor framing is designed as in-current practice using conventional
methods. The floor is then modeled using the finite element method and analyzed under the
effect of dead and live service loads. This allowed assessment of the effect of direct welding
between the stringers and the floor beams on the analysis and design of floor beams, stringers,
and the welded connections. The results revealed that consideration of the true behavior of the
directly welded connections leads to distribution of forces and moments that are different from
conventional steel buildings. A simplified model is proposed. The finite element results were
used to develop regression functions that describe the model. The proposed model can practically
predict the actual forces and moments and thus lead to a reliable design of modular steel framing.
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1.0

Introduction
Over the years, there has been an ever-growing demand by construction industry clients

for speedy, flexible, and cost-effective products. This demand, coupled with highly dynamic
market forces, has made traditional on-site building construction processes very complex. The
modular construction technique is fast evolving as an effective alternative. The technique is
widely used in North America, Japan, and in parts of Europe. It involves the design of structures
to be built and finished at one location and be transported to and used at another. The main
advantage of modular construction technique is largely speed of construction, while combining
the design flexibility of traditional methods with the quality of controlled manufacturing.
The concept of modular design has been adopted by many engineering industries. In the
civil engineering building industry, the term is used for the factory construction of preengineered building units, delivered to site and assembled as large volumetric components or as
substantial elements of a building. The volumetric concept of modular construction may be
similar to temporary or relocatable buildings but differs greatly in terms of quality, structural
design and general performance criteria. The collection of discrete modular units usually forms a
self-supporting structure in its own right or, for multi-storey buildings, may rely on an
independent structural framework. The modular units are often fully fitted, complete with floors,
lighting, plumbing, heating, etc. before they are delivered to site for installation.
Applications of modular construction within the civil engineering sector are found mainly
in general building construction, particularly apartment buildings, hotels, student residences,
hospitals, offices, fast-food outlets and correctional facilities where units are repetitive. Rapid
construction and installation has been the major driving force behind the modular building
industry, since savings in time can be directly transformed to business related benefits. For
2

example, it has been suggested that on-site construction times in hotels and fast-food restaurants
could be reduced by over 60% with the adoption of modular construction (Lawson et. al., 1999).
Such a huge potential savings in time and costs may be due to such factors as allowing
simultaneous site preparation and module construction, and reduced vulnerability to weather
conditions that may slow or stop traditional construction. Other related benefits include the
avoidance of disruption and loss of operation during extension works in existing or neighboring
facilities such as hotels, and also the achievement of high quality control under off-site
manufacturing conditions, including pre-installation checks. Clearly, however, economy of scale
of production is an important factor that has to be considered against these benefits. In other
words, it may be more expensive to use modular construction, instead of traditional construction,
for an irregular building or non-repetitive units.
Light steel framing has been widely used in modular construction, perhaps due to its
efficient utilization of material and its ability to integrate lighter weight materials into
sophisticated manufacturing process. Other benefits of the use of light steel framing in the
context of modular construction may include its lightness during lifting and transportation and
the high level of acoustic and thermal insulation that can be provided on the framing. The Steel
Construction Institute (SCI) of the United Kingdom has conducted some studies on performance
specification for modular construction using this material (Lawson et al., 1999). The limitations
of the use of light steel framing in modular buildings are evident in its range of applications. For
heavily loaded structures, structural steel shapes, such as I-sections, are more useful and
efficient. The use of such sections in modular building construction is what has been referred to,
in this paper, as MSBs.
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Modular building techniques are not new in North America, with several manufacturing
plants spread across the United States and Canada. The Modular Building Institute (MBI) in the
United States and the Modular Building Association of British Columbia (MBABC) in Canada,
are two major institutions committed to the promotion of continued development of the modular
building industry in North America. A number of construction organizations under these
institutions have undertaken large-scale modular building construction projects including a 150
bedroom hotel project (worth US$6.5 million) at the Quinault Beach resort in Washington which
achieved a 50% cut on traditional construction time (MBABC, 2000), a 790 bedroom permanent
residence facility (worth $40.8 million CDN) for the Collahausi copper mining project in Chile
(MBABC, 1997), and a four-storey modular steel building for SUNY Purchase College
Dormitory in New York (Murray Engineering, P.C., 2000).
To the best of the authors’ knowledge, this is the first technical paper explaining how
such structural steel shapes are being used by MSBs manufacturers. This is expected to pave way
for other researchers to study different aspects of the MSB technology. Another objective of this
paper is to study the effect of direct welding between the floor stringers and the floor beams in
MSB floor system on the analysis and design of the system.
The paper begins with a description of typical details of MSBs, including the floor
stringer-to-beam connections, drawing comparison with conventional steel buildings. A typical
MSB floor-system is designed using the Canadian steel design code (CISC, 1997). It is then
analyzed using the finite element (FE) method. A parametric study is conducted on some
geometric parameters likely to affect the response of the floor framing to further investigate its
behavior. The results of the FE analysis are used to reassess the capacities of the various
components of the floor system. A simplified analytical model is proposed to predict the forces
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and moments in the modular steel floor framing in order to reliably design the various
components of the system.

2.0

Modular Steel Buildings
Structural steel shapes are used in the construction of durable and ‘heavily loaded’ MSB

structures. They have been typically used for one-to-six storey schools, hotels, correctional
facilities and dormitories. The modules are assembled in a manufacturing plant and this allows
excavation and foundation works to be carried out simultaneously with the building of the
modules. Moreover, fabricating the modules in a controlled indoor environment ensures higher
quality standards. Each module consists of a floor and a ceiling separated by a number of
columns. The floor framing is typically composed of two floor beams, a number of floor
stringers and a floor metal deck with concrete topping. Similarly, the ceiling framing includes
two ceiling beams and a number of ceiling stringers.
Figure 1 shows typical floor/ceiling steel framing of a four-storey MSB. It consists of six
modules, labeled M#1 to M#6. The floor beams (FB) or ceiling beams (CB) are oriented along
the building width and the floor stringers (FS) or ceiling stringers (CS) in each module are along
the building length. Horizontal and vertical connections of different modules are made onsite. A
typical horizontal connection (HC) is shown in section A-A of Figure 1. It usually involves field
bolting of clip angles, which are shop-welded to the floor beams. Section B-B of Figure 1 depicts
a typical vertical connection (VC). The section shows the base plates of the upper module
column field-welded to the cap plates of the lower module column.
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Figure 2 shows sections of a typical floor arrangement. The second floor assembly
depicts floor arrangements of two modules of the second storey located side-by-side and ceiling
arrangements of two modules of the first storey. The assembly also shows sections of steel deck
(usually welded to the flange of the floor beam), concrete floor and the ceiling finishes. The first
floor assembly (bottom section) depicts floor arrangements of two side-by-side modules of the
first storey and their connection to the concrete footing.
Lateral stability of MSBs is achieved either by developing moment frames of the floor
beams, ceiling beams, floor stringers, ceiling stringers and columns within each module or by
adding diagonal braces as shown on Figure 1. Lateral loads are resisted in the shorter direction
by the external braced frame of modules M#1 and M#6 and in the longitudinal direction by the
external braced frame of modules M#2 and M#5. Within each floor, lateral loads are transferred
to the braced frame through the horizontal connections (HC). The total lateral load is then
transferred through the vertical connections (VC) to the foundation. The lateral response of
MSBs is a subject of an on-going study.

3.0

Floor stringer-to-beam connections
Significant differences exist between the methods of construction of MSBs and

conventional steel buildings. In MSBs, for example, the floor-system is typically designed as a
grid structure consisting of floor stringers and beams. Floor stringer-to-beam connections in
conventional construction are usually achieved using clip angles, which are shop welded to the
web of the floor beam and site bolted to the web of the floor stringer. In modular steel floor
framing, however, such connections are achieved in a controlled factory environment by direct
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welding of the webs of the joining members. Floor stringers may be fully or partially connected
to floor beams using fillet welds.
The use of clip angles in conventional construction results in transferring reactions from
the ends of the stringers to the floor beams through shear action, while allowing for partial
rotation. This rotation is accommodated by the movement of clip angles within the clearance
around the bolts and by the elastic and inelastic deformations occurring in the bolts, clip angles,
and stringer beams. This enables redistribution of any negative moment that might develop at
these connections. To analyze this type of connections, material nonlinearities for the clip angles,
bolts, and stringer beam need to be considered. Also, the contact behavior between the bolts, the
clip angles, and the floor beams must be modeled. Lipson (1968) conducted an experimental
study to evaluate the static behavior of single web angle connections. It was reported that these
connections exhibited nonlinear moment-rotation behavior at early stages of loading which is
expected to allow redistribution of beam moments. Al-Emrani and Kliger (2003) conducted a
finite element analysis to study the behavior of double angle stringer-to-floor beam connections
in riveted railway bridges. The stringers were modeled using shell elements and solid elements
were used to model the angles and the rivets in the connection. The contact between the backface of the leg of the connection angle and the web of the floor beam was modeled using linear
quadratic rigid elements. The Coulomb-friction model was used to characterize the interface
conditions at all the contact surfaces. They concluded that a connection moment might develop
in these connections, which make such connections vulnerable to fatigue damage.
In the case of directly welded connections commonly used in floor systems of MSBs, the
behavior is different. The weld is known to have much higher stiffness when compared to the
bolted clip angle connection. Thus, it would allow for limited deformations before exhibiting a
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brittle failure mode (Faella et al., 2000). Rotation in these connections would occur only as a
result of a plastic hinge forming at the ends of the stringers when the negative moment exceeds
the yielding moment. It is expected, however, in such directly welded floor stringer-to-beam
connection in MSBs that the positive moment will be much higher than the negative end
moments (hogging moments). Hence, redistribution of end moments will not occur and such
hogging moments need to be accounted for in design should they develop. This, combined with
the fact that welds have very limited deformation capacity, makes a linear elastic finite element
analysis adequate to evaluate the effect of hogging moments likely to develop from the direct
welding in MSB floor system.

4.0

Design of Modular Grid Structure
A four-storey modular dormitory is considered in this study. Each floor is made up of six

identical modules consisting of bedrooms and a corridor. The modular steel floor-system adopted
in the study is designed as a grid structure consisting of floor stringers and beams. The floor
framing consists of two floor beams supporting eleven floor stringers as shown in Figure 3. Each
floor stringer has a span of 3600 mm and the total length of each floor beam is 16500 mm. The
stringers are labeled as SB1 to SB6, with the module symmetric about SB6. The dead load (DL)
is composed of the weights of the concrete floor (100 mm thick), an all round metal curtain wall
system and insulation, steel deck and members’ own weights. A superimposed load of 1.4 kN/m2
is used to account for finishes and other installations. The live loads (LL) used for the design are
3.6 kN/m2 for the bedrooms and 4.8 kN/m2 for the corridor as given by the 1995 national
building code of Canada (NRCC, 1995). The floor stringers are designed as simply supported
beams and the floor beams are designed as continuous beams. The resulting steel sections are
8

W200X21 (W8X14 imperial designation) for the floor stringers and W310X39 (W12X26
imperial designation) for the floor beams. The yield strength of the steel sections is 350MPa (50
ksi imperial designation).
Typically, a minimum of 80% of the floor stringer depth is welded to the floor beam in
the MSB fabrication. Designers often check this weld length against the shear transferred from
the stringer to the beam, assuming no restraint for rotation at the ends of the stringer. This length
of weld was checked for the designed floor system in the current study and was found to be
adequate with a high safety factor.

5.0

Finite Element (FE) Model
The level of complexity of finite element models of structural elements and connections

generally depends on the method of structural analysis that is adopted, the structure geometry
and, more importantly, the type of results required. In this study, a 3D FE model is adopted. The
model was developed using the finite element computer program, SAP2000 Nonlinear (CSI,
2000). In this program, the principle of minimum potential energy is used and the system of
equations to be solved is represented by [k]{u} = {r}, where [k] is the stiffness matrix, {u} is the
vector of nodal displacement, and {r} is the vector of applied loads. Stresses and internal forces
and moments, in the element local coordinate system, are evaluated at the two-by-two Gaussian
integration points and extrapolated to the joints of the element.
A schematic of the model is shown in Figure 4. The webs and flanges of both the floor
stringers and the floor beams were meshed using four-node quadrilateral shell elements. In total,
63,012 shell elements were formed. The behavior of the welds is expected to be linearly elastic

9

(Astaneh et al., 1989) with very high stiffness (Doerk et al., 2003). For this reason, nodal points
in the webs of the stringers and the floor beams were constrained to have the same deformations
at locations of welds. The remaining contact points between the stringers and the floor beams
were modeled using compressive rigid links with zero tensile stiffness. Knife-edge restraint
along an array of nodes was assumed for each column location. The effect of the slab on the steel
framing was simulated by providing lateral restraint of the top flanges of the floor beams. The
loading on the floor framing was applied as uniform pressure on the stringers. The number of
shell elements was chosen after conducting trial analyses using different sizes of shell elements.
The selected sizes of shell elements used in the analysis were found to give sufficiently accurate
results when compared with a finer mesh.

6.0

Parametric Studies
The floor system designed in section 4 was analyzed using FE analysis. Additionally, a

parametric study was performed to further investigate the effect of varying geometric properties
of the components of the modular floor framing. The parameters considered are the ratio of the
beam web thickness to the stringer web thickness ( t wb / t ws ), the floor beam-to-stringer depth ratio

( d b d s ), the length-to-depth ratio of the floor stringer ( Ls / d s ), and the ratio of the weld length
to the depth of the floor stringer ( Lw / d s ). All other properties, dimensions and unit weights were
kept constant. The selection of the parameters was based on principles of elementary mechanics
regarding their influence on the response of the floor framing. The quantities selected for the
various

parameters

are

as

follows:

twb / tws = 1.16, 2.32,3.48 ;
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db d s = 1.5, 2.3,3.0 ;

Ls / d s = 17.7,35.4,53.2 ; Lw / d s = 0.4, 0.8,1.0 . These values cover dimensions commonly used in
practical applications. A total of eighty-one different configurations were defined and analyzed.

7.0

Finite element Results and Discussion
The internal actions that beams and joints have to withstand depend on the end joints

rotational stiffness, which, in turn affects the resistance provided by the beams and joints. A
simply supported beam of length, L, and subjected to a uniformly distributed load, w, is designed
to have a flexural resistance of wL2/8. In this case, there is no restraint for rotation at the joints
and the connection moment is assumed to be zero. Considering the case of a fixed-end restraint,
the maximum bending moment is developed at the supports and can be evaluated as wL2/12.
This moment is fully transferred to the supporting member and thus no relative rotation exists in
the connection. In reality, most of the connections are neither perfect hinges nor fully rigid and
thus will lead to different moments distribution. For nominally pin-jointed frames, the actual
joint stiffness leads to a favorable distribution of bending moments in beams, and the actual joint
deformability, in nominally rigid frames, adversely influence the sensitivity of the frame to
second order effects (Faella et al., 2000). In this section, the finite element (FE) results for a
typical floor of a MSB are summarized and discussed.

7.1

Floor stringers

Table 1 shows a comparison between the design forces and moments and results of the
FE analysis for various floor stringers for the configuration shown in Figure 4 ( twb / tws = 1.16 ,
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db d s = 1.5 , Ls / d s = 17.7 , Lw / d s = 0.8 ). The FE model is verified, as shown in the table, by the
agreement of the sum of negative end moments and positive midspan moments to the
requirements of the structural mechanics. For this configuration, it is noted that the bending
moments at the midspan of the floor stringer obtained from the FE analysis (MFE) are only about
90% of the design midspan moments (Md). This percentage is not significantly affected by the
variation in the magnitudes of the applied load on the various floor stringers. In other words,
floor stringer SB6 produced almost the same percentage of M FE M d as floor stringer SB5,
which was subjected to 70% more loading. The percentage of M FE M d is, however,
significantly affected by the ratio of the beam web thickness ( t wb ) to the stringer web thickness
( t ws ) and the beam-to-stringer depth ratio ( d b d s ), as can be observed in the results of the
parametric study. As shown in Figure 5, the midspan moment of the floor stringer obtained from
the FE analysis decreases with the increase in the ratio of the beam web thickness to the stringer
web thickness ( t wb / t ws ). As the thickness of the supporting beam increases relative to that of the
stringer, the joint becomes more rigid and its capacity to restrain rotation is enhanced. However,
as the depth of the supporting beam increases in relation to that of the supported stringer, the
joint capacity to restrain rotation is reduced. Thus, the rigidity of the connection partially
restrains the rotation of the stringers. Consequently, hogging moments are developed at their
ends. As shown in Table 1, the ends of the stringers hogging moment, M h , was about 10% of the
midspan moment of a simply supported beam, M d . The results of the parametric study revealed
that this moment is significantly increased with an increase in the ratio of the beam web
thickness to the stringer web thickness, t wb / t ws , and decreased with an increase in the beam-tostringer depth ratio, d b d s (Figure 6).
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In addition to the observed hogging moments that are unaccounted for in a typical design
of MSB’s, tensile forces are developed in the stringers and opposing compressive forces are
developed in the concrete slab. The horizontal restraint provided by the slab caused this axial
force to develop. The magnitude of the axial (tensile) force developed in the stringers (NFE)
could be as high as 39.5% of the total load (W) supported by the stringers, as shown in Table 1.
It is expected that the compressive force can be transmitted from the flange of the floor beam to
the slab by bearing of the flange on the concrete slab.
The stringers were redesigned accounting for the axial force and the reduced midspan
moment from the FE analysis. The design results revealed that a lighter section (W200X15 or
W8X10 imperial designation) would have been adequate thus providing a potential savings in
construction materials. An improved design methodology for floor stringers will therefore be a
useful tool for practical application and has been provided in a later section.

7.2

Floor beams

For the floor beams, the bending moments obtained from the FE analysis closely matched
that of the design moments at the selected sections. Table 2 shows a comparison between FE
results and design bending moments at the specified sections of the floor beam, shown in Figure
3 for the configuration twb / tws = 1.16 , db d s = 1.5 , Ls / d s = 17.7 , Lw / d s = 0.8 . The close
agreement of the two corresponding sets of values demonstrates that the design moments for the
floor beams are accurate and do not need any modification. To some extent, this observation also
verifies the FE model since it agrees with the basic mechanics of the floor framing system. The
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hogging moments at the ends of the stringers, however, resulted in some torsional moments in
the floor beams, which were found to have insignificant effect on the analyzed floor.

7.3

Stringer-to-floor beam welded connections

The floor stringer-to-floor beam welded connections are designed typically to resist only
shear forces. The FE analysis revealed that these welded connections experience bending stresses
due to the hogging moments developed at the ends of the stringers. In addition, these connections
are subjected to the effect of axial tensile forces. The capacity of the weld was reassessed under
the combined axial, shear and moments. The loads at weld joints are derived from the stress
results of the FE analysis. The total stress magnitude (total weld load) was evaluated using
classical weld stress analysis (Weaver, 1999), defined as
f weld =

(f

bending

+ f normal

)

2

+ ( f shear )

2

The results showed a significant increase in the weld stresses. The percentage increase in
the total weld load from the design assumption (shear only) to the actual case (shear, bending
and normal force) was about 226% for the configuration twb / tws = 1.16 , db d s = 1.5 ,
Ls / d s = 17.7 , Lw / d s = 0.8 . This suggests that the true behavior of the directly welded modular
steel floor framing connections may have a significant effect on the design of the connections
and on the behavior of the steel floor framing. Nevertheless, within the range of parameters
studied, it was observed that the weld provided in current practice (80% of the web of the
stringer) is adequate.
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It was found that the weld length greatly affects the results of the FE analysis. Figure 7
shows the effect of two weld lengths, Lw / d s = 0.4 and Lw / d s = 0.8 , adopted in the FE analysis
on the midspan bending moments of a floor stringer (labeled SB5 in Figure 3). If the length of
the weld is halved for the case of db d s = 1.5 , Ls / d s = 17.7 , twb / tws = 3.48 , the bending moments
at the midspan of the stringer obtained from the FE analysis (MFE) increases from 63% to about
80% of Md. In other words, the decreased stiffness at the connection resulting from a reduction in
weld length shifts the hogging moment from the support to positive moment at the midspan.

8.0

Proposed Analytical Model
Extensive research has been conducted in order to predict the behavior of steel joints (e.g.

Lipson, 1968; Thompson et al., 1970; Marley, 1982; Mazzolani and Piluso, 1992; Chen and
Toma, 1994). Major efforts have focused on the response of steel joints acting predominantly in
bending. Moment-rotation curves have been developed for many types of connection and have
been recommended for use in design (e.g. Thompson et al., 1970; Goverdan, 1983; Kishi and
Chen, 1986; Chen and Toma, 1994; Faella et al., 2000). Computer programs (e.g. JMRC,
developed by Faella et al., 2000) have also been developed for use in predicting joint moment
rotation curves.
From the FE results, it is apparent that the assumption of simple supports in a typical
design of floor stringers in MSBs is deficient. The axial force and the end rotation moment
cannot be accounted for if this assumption is adopted in design. Consequently, the design of the
floor stringers and the welded connections will be ill informed. Moreover, the traditional
rotational spring used to represent semi-rigid connections will not be adequate in capturing the
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behavior of modular steel floor framing connections since it does not predict axial forces in
joints. In this section, an analytical model consistent with the behavior of modular steel floor
framing is proposed.
Figure 8 shows a schematic of the proposed model (hereafter referred to as the “B”
model). Members ab and cd represent the web of the floor beams at the ends of a floor stringer,
whose centerline is represented by bc . Using the slope deflection method, the following
relationship of the effective width of the floor beam web, B, the axial tension force developed in
the floor stringer as a result of the restraint by the floor slab, F, the distributed load, w, and the
geometric characteristics of the floor stringer and beam can be derived.
⇒B=

12 I b

( twb )

3

=

96 I s I b h 2 F

( wL3 − 12LhF )( twb )

3

…………… (1)

where,
Ib,:

Moment of inertia of the effective web of the floor beam.

Is :

Moment of inertia of the floor stringer

w:

Uniform load supported by the floor stringer.

h:

the depth from the centerline of the floor stringer to the centerline of the top flange of the
floor beam

Ls:

Span of the floor stringer
The results of the parametric study were analyzed and the effective width, B, for each

framing configuration was determined. A multiple regression analysis was conducted to
investigate the relationship between the effective width, B and the other parameters. In this
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regression model, the dependent variable is the dimensionless parameter B / twb (the ratio of the
effective width to the beam web thickness), and the predictor variables are the stringer length-todepth ratio ( Ls / d s ), the ratio of the weld length to the depth of the floor stringer ( Lw / d s ), the
ratio of the beam web thickness to the stringer web thickness ( t wb / t ws ), and the floor beam-tostringer depth ratio ( d b d s ). Recognizing that the relationships between B / twb and the individual
independent variables are exponential, two regression functions, exponential and linear
‘logarithmic’, were fitted for the combined parameters, using the principle of least squares. The
resulting regression functions were obtained as
⎛ B ⎞
⎛ Ls ⎞
⎛ Lw ⎞
⎛ t wb ⎞
ln ⎜ b ⎟ = − 0 .0 3 3 3 9 ⎜
⎟ + 1 .3 4 4 4 4 ⎜
⎟ − 1 .6 5 7 1 7 ⎜ s ⎟
⎝ tw ⎠
⎝ ds ⎠
⎝ ds ⎠
⎝ tw ⎠
⎛d ⎞
+ 0 .4 5 6 1 0 ⎜ b ⎟ + 6 .9 7 4 8 2
⎝ ds ⎠

…………(2)

for the exponential function, and
⎛B⎞
⎛ Ls ⎞
⎛ Lw ⎞
⎛ twb ⎞
⎛d ⎞
ln ⎜ b ⎟ = −1.0723ln ⎜ ⎟ + 0.7758ln ⎜ ⎟ − 3.4783ln ⎜ s ⎟ + 1.0410 ln ⎜ b ⎟ + 9.7399
⎝ tw ⎠
⎝ ds ⎠
⎝ ds ⎠
⎝ tw ⎠
⎝ ds ⎠
…………(3)

for the linear ‘logarithmic’ function.
For both functions, the coefficient of determination, r2, was greater than 96.5%, which
indicates a strong relationship among the independent parameters and the effective width, B. The
F-statistic was used to determine whether such a high r2 value occurred by chance. The Fobserved statistic (382), for the exponential function, was substantially greater than the F-critical
value (2.53) indicating an extremely small probability (2.754E-36) that the high F value occurred
by chance. For the linear “logarithmic” function, the F-observed statistic was 594 and the
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probability that it occurred by chance was 7.525E-41. Thus, it can be suggested that the
regression equations above will be very useful in predicting the assessed magnitude of the
effective width.

9.0

Design Methodology for Modular floor Framing
The design forces and moments in the floor beams agree with the results of the FE

analysis and hence no modification in the design methodology of floor beams is required. For
floor stringers and the welded connections, the following design methodology is suggested for
practical application:
Step 1.

The configuration of the modular floor framing is selected and preliminary sizing
of framing components is performed.

Step 2.

The dimensionless parameters Ls / d s , Lw / d s , t wb / t ws , and d b d s are determined
from the preliminary dimensions.

Step 3.

The dimensionless parameter B / twb is evaluated from equations 2 and 3. This will
allow determining two values for the effective width, B, of the web of the floor
beam. The two values are expected to be almost matching as suggested by the
regression analysis.

Step 4.

The inertia of the floor beam web is evaluated and used to analyze the model
shown in Figure 8.

Step 5.

The axial force and the bending moments in the floor stringer are determined.
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Step 6.

The floor stringers are redesigned based on the forces and moments obtained in
step 5.

Step 7.

Steps 2 to 6 are repeated until consistent sections are obtained which satisfy the
design criteria.

Step 8.

The welded connection between the stringers and the floor beams is designed for
the shear, axial force, and moment obtained in step 5.

10.0 Summary and Conclusion
MSBs are fast becoming an effective alternative to conventional on-site constructed steel
buildings. The concept and detailing of these buildings have been documented in this paper,
which is expected to pave way for researchers to investigate other aspects of the technology
including activities such as lifting and other construction handling operations, and typical
modular steel construction details.
The paper has also investigated the most commonly used connection detail in modular
floor framing, which involves direct welding of floor stringers to floor beams. The structural
behavior of this connection in modular steel floor framing has been studied. The effect of this
behavior on the analysis and design of floor beams and stringers as well as the welded
connection was also studied. Results of the FE analysis revealed that consideration of the true
behavior of the directly welded connections in modular floor framing leads to distribution of
forces and moments that are different from the case of conventional steel building. The axial
forces developed in the floor stringers and the hogging moments at the ends of the floor stringers
are not predicted by the conventional assumptions adopted in current design practice by

19

designers of MSBs. Moreover, the traditional rotational springs used commonly to represent
semi-rigidity of connections fail to predict these axial forces. As explained earlier, these
unaccounted forces and moments would affect the design of the floor stringers and the
connection of the floor framing. The parametric study conducted in this study highlighted the
significance of these forces and moments. The study has demonstrated that the welds must have
the capacity to transfer significant bending moment and axial force in addition to the vertical
shear force from the floor stringer to the supporting beams. The study has also proposed an
analytical model, which will practically predict these forces and moments and will lead to a
reliable prediction of structural response of modular steel floor framing.
The results of the parametric study were used to develop regression functions that
describe the proposed model. Designers and manufactures of MSBs are advised to cautiously use
this model until it is experimentally validated.
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Table 1. Comparison of FE results with Design Forces and Moments for Stringer Beams
Configuration Considered
FLOOR STRINGERS

db ds = 1.5

t / t = 1.16
b
w

s
w

Ls / ds =17.7 Lw / ds = 0.8

SB1

SB2

SB3

SB4

SB5

SB6

Mid-Span Moment (Design) Md, (kNm)

22.28

22.03

22.03

22.03

30.8

18.26

Mid-Span Moment (FE) MFE, (kNm)

20.2

20.09

20.14

20.05

27.75

16.54

MFE as a percentage of Md (%)

90.66

91.19

91.42

91

90.1

90.58

0

0

0

0

0

0

Hogging Moment at end of span (FE) Mn, (kNm)

2.08

1.94

1.89

1.98

3.05

1.72

Mn as a percentage of Md (%)

9.34

8.81

8.58

9

9.9

9.42

Axial Force (Design) Nd, (kN)

0

0

0

0

0

0

Axial Tensile Force (FE) NFE, (kN)

15.16

18.55

19.08

18.14

21.79

13.84

Total Load on Beams excl. self wt. W (kN)

48.74

48.2

48.2

48.2

67.68

39.82

NFE as a percentage of W (%)

31.1

38.49

39.59

37.63

32.2

34.76

Hogging Moment at end of span (Design) Mh, (kNm)
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Table 2. Comparison of FE results with Design Bending Moments at Sections of Floor Beam
Configuration Considered
db ds = 1.5

twb / tws = 1.16 Ls / ds =17.7

Sections of Main Beam, measured from point A (mm)
Lw / ds = 0.8

900 (K1)

3550 (K2)

6100 (K3)

8100 (K4)

Bending Moment at section (Design) Md, (kNm)

44.83

91.57

-21.93

71

Bending Moment at section (FE) Ma, (kNm)

44.44

91.34

-21.34

69.22

Ma as a percentage of Md (%)

99.13

99.75

97.3

97.49
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M#4 M#5 M#6

3rd Floor
Module

M#4-3 Floor
FS

FB
FB

Bolt

M#5-3 Floor
FS

M#4-2 Ceiling
CS

CB
CB

2nd Floor
Module

3rd Floor
Module

Cast in Place Concrete
HC

M#5-2 Ceiling
CS

M#1-3 Floor
FB

Three
Sides
2nd Floor
Module

B

Building Length

FS

Br
ace

M#1 M#2 M#3

A

Building Width

A

Symbols:
Column
Horizontal Module Connection
Braced Frame

B

FB and CB

FS
CS

VC
Column
Cap
Plate
CS

M#1-2 Ceiling
CB
Br
ac
e

Sec. B-B: Vertical Connection

Sec. A-A: Horizontal Connection
Figure 1: A Typical Floor/Ceiling Framing of a Four-Storey Modular Steel Structure
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column (Typ.)
Second Floor

Floor Beam (Typ.)

Concrete Floor

Finished ceiling
(Typ)

First Floor

Floor Stringer

Floor Stringer

Figure 2: A Section of a Typical Modular Floor Assembly
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Shipping Height

Ceiling Beam (Typ.)

Clear Height

Ceiling Stringer (Typ.)

Floor To Floor Height

Floor Stringer

Floor Stringer

CL

LL = 4.8 kN/m2

LL = 3.6 kN/m2

K1

K2

W310X39

7000 mm=4x1750 mm

K3

W200X21 (typical)

SB6

SB5

SB4

SB3

SB2

SB1

3600 mm

W310X39

K4
2500 mm

7000 mm

Figure 3: Layout of Modular Floor Framing adopted for FE Study
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Figure 4: Finite Element Mesh
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1.0

MFE/Md

0.8
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db/ds = 1.5

db/ds = 2.3

0.4

db/ds = 3.0

0.2

0.0
0

1

2

3

4

twb/tws

Figure 5: Variation of FE-to-Design Midspan Moment Ratio with Beam-to-Stringer Web Thickness Ratio
for different Beam-to-Stringer Depth Ratios
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0.5

Mh/Md

0.4

0.3

db/ds = 1.5
db/ds = 2.3

0.2

db/ds = 3.0

0.1

0.0
0

1

2

3

4

twb/tws

Figure 6: Variation of the ratio of FE Hogging Moments to Design Mid-Span Moment with Beam-toStringer Web Thickness Ratio
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40% weld length
80% weld length

0.4

0.2

0.0
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2
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4
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Figure 7: Variation of FE-to-Design Midspan Moment Ratio with Beam-to-Stringer Web Thickness Ratio
for different weld lengths
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Figure 8. Schematic of the proposed Model
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