Griffith School of Engineering
Griffith University

6002ENG - Industry Affiliates Program

Footfall Analysis of Residential Floor Beams
Using CFS C-Shaped Built-Up Sections

Xueting Weng, s5216566

13" June, Trimester 1, 2022

Xstructe Consulting
Dr. Bin (Ben) Wang

Professor Hong Guan

A report submitted in partial fulfillment of the degree of Bachelor of Engineering (Honours)

The copyright on this report is held by the author and/or the IAP Industry Partner. Permission has been granted to Griffith University to

1\ Griffith

keep a reference copy of this report.



6002ENG — Industry Affiliates Program , Trimester 1, 2022

EXECUTIVE SUMMARY

Among floor construction materials, cold-formed lightweight elements are becoming
increasingly popular in practical construction. The various advantages of cold-formed steel
(CFS) compared to conventional construction materials make it the preferred choice in
residential construction today. However, light steel floors are prone to annoying vibrations due
to their high strength-to-weight ratio. This affects not only the comfort of the occupants but also
the structure's safety. Research into CFS has found that built-up CFS elements offer better
performance in several areas. This project is concerned with solving floor vibration problems
using built-up CFS beams with I-section and comparing the vibration of floor structures in three
different composite cases. The method used for the thesis is a finite element model followed by

finite element analysis (FEA).

The project was divided into three phases: the first phase was to investigate the CFS floor
structure on-site and determine the structure and dimensions of the floor model. The second
stage was to build a finite element model of the floor in Strand 7 for three scenarios and to
verify the feasibility. The third stage was to quantify the floor vibrations using different
parameters and to conduct an FEA of the model to compare and evaluate the vibrations in the

three cases.

Based on the results of the analysis, it can be concluded that a floor with composite beams can
control vibrations to meet construction requirements. Further comparison reveals that the
vibration of the lightweight steel floor can be further controlled by bolted confinement or
welded beams with better serviceability. In both cases, however, more time and cost are
required. On balance, a partially composite beam with bolting is more suitable for modern

construction.
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1 INTRODUCTION

Cold-formed steel (CFS) is a steel structure product processed at ambient temperature through
steel to form a more supportive shape. With the development of construction materials and the
demand for higher-strength materials, CFS is being used more widely than traditional
construction materials such as heavy hot-rolled steel elements (Hancock, 2003). At the same
time, in Australia, light-gauge steel frames with cold-formed sections are the preferred choice
for floor structures due to the shortage of timber and the time-consuming and expensive

installation of Parallel Flange Channel (PFC) floor trusses.

The use of CFS as a structural material for flooring systems is due to its various advantages:
according to Yu et al. (2019), CFS is light in weight, high in strength and stiffness, easy to
install and transport, corrosion-resistant, termite resistant, low cost and recyclable. In contrast,
Parallel Flange Channel (PFC), hot-rolled steel, is heavier, difficult to transport and install, and
more expensive. Secondly, as shown in figure 1, they can be produced into an unusual cross-
section with a favorable strength-to-weight ratio. It is worth mentioning that the residential
floor beam studied here uses C-type opening built-up sections such as (2) in part (b) of Figure
1. The built-up section of CFS is a single-section splicing combination with a more substantial

bending capacity and higher axial direction (Rasmussen et al., 2020).

Furthermore, the load-carrying panels and decks of CFS can provide a valuable surface for the
floor and enclosed cell for electrical and other plumbing. However, using CFS for all floors is
a new and unproven way of assembly. Its long span and lightweight have brought about a
problem people tend to overlook: the vibration caused by normal walking (Xu, 2011). Although
there are now studies and guidelines on CFS floor vibrations, they are almost always on single
section members, as shown in Figure 1(a) (Rasmussen et al., 2020). It is, therefore, necessary

to investigate the vibration of floor systems with CFS components.

8 Footfall Analysis of Residential Floor
Beams Using CFS C-Shaped Built-Up Sections
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Figure 1. Different types of cold-formed sections (Rasmussen et al., 2020).

The vibration of the long-span lightweight floor caused by human activities has become a
critical problem concerned technicians (Nguyen, 2013). As shown in Figure 2, a light-gauge
steel plant under construction in Chongging, China, collapsed in 2009. In the end, although
only two people were injured, it is dangerous to build long-span light-gauge steel structures not
strictly according to the requirements. There have also been cases of floor and stadium
structures collapsing due to vibrations caused by crowds dancing or jumping (Debney &
Willford, 2009). In addition, the floor is the main structure that carries human life. On the one
hand, floor vibration reduces comfort, and on the other hand, its post-maintenance is also highly
costly (Xu, 2011). This demonstrates the importance of vibration control during construction
in compliance with design standards. To address the issue of floor slab vibration, constructors
have utilized members with doubly symmetrical sections in the construction of mid-rise and
high-rise buildings, increasing strength and torsional resistance and improving deformation

buckling capacity (Phan & Rasmussen, 2019).

Xueting Weng 9
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Figure 2. Collapse site of steel frame of factory building under construction (Wang, 2009).

While current analyses and studies have shown the factors influencing CFS floor systems and
the assessment of the composite elements, there is still a lack of research on the overall
structural vibration by placing the built-up members into the ground step system. Therefore, it
is essential to study the vibration of floor structures using CFS built-up sections and give design

guidelines to control vibration.

1.1 Aims and Objectives

The aim of using CFS built-up beams in residential flooring systems is to reduce vibrations and
provide a more stable floor structure with higher comfort. Several studies have been carried
out to obtain some usable data and formulas through different analytical methods to help build
more comfortable CFS floors. This report will build on the existing theories and data to
investigate the vibration of a floor structure consisting of three cold-formed cross-section
beams (see Figure 3) with C-shaped CFS joists. In these three cases, the composite beams are
connected in different ways: without welding, partially fastened, and fully welded. The finite
element modelling method will be used to visualize the actual situation, and the analysis will

be compared with existing engineering standards to give design guidelines.

10 Footfall Analysis of Residential Floor
Beams Using CFS C-Shaped Built-Up Sections
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Figure 3. Fully, partially and no composite action beams
(Rasmussen et al., 2020).

The objectives of the report are as follows:

® Visit the construction site and specify the dimensions of the model. Draw the dimensions
and details of the model in CAD.
A realistic finite element model is built from the drawings using strand 7.
The vibration of the model is obtained through footfall analysis: natural frequencies are
obtained using the natural frequency solver. Moreover the harmonic response solver is
used to calculate vertical acceleration.

® To acquire model static displacements and compare with actual engineering standards, use
a linear static solver.

® Graph the parameters of the three models and compare them to give design guidelines.

Xueting Weng 11
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2 LITERATURE REVIEW

This literature review focuses on the advantages and problems of using CFS in-floor slab
construction, as well as research into developing its composite elements and controlling floor
slab vibrations. Due to the diversity of practical projects and the importance of floor slab
construction, approaches to solving floor slab vibrations vary. This section establishes the
theoretical basis for this project by examining the literature. Furthermore, it is found that the
research gap is that CFS built-up section elements have been used in building construction and
that the dimensional requirements of built-up sections have been specifically studied. However,

their specific effects in actual monolithic floor slab structures have not been fully described.

2.1 CFSin floor construction

Cold-formed light elements among floor construction materials are becoming increasingly
popular in practical construction. Compared to conventional hot-rolled steel, CFS is more
economical and more suitable for relatively light loads and short spans (Yu et al., 2019). In
addition to its high strength, lightweight, high stiffness and ductility, termite resistance,
corrosion resistance, and fast construction, it is a better choice for residential and commercial
building materials (Xu, 2011). For example, Figure 4 shows a hybrid CFS flooring system that
is now commonly used, which consists of CFS beams and a timber base plate (Kyvelou et al.,
2017).

However, because the cold-formed part is thin and highly hardened, it is more susceptible to
local and twisted buckling (Davies, 2000).0n the one hand, this directly leads to a lack of
stability and, on the other hand, indirectly to low serviceability of the light steel floor. To
address these problems, CFS members have continued to develop more complex sections to

obtain built-up sections with a higher load-carrying capacity (Roy et al., 2021).

From the literature discussed, it can be concluded that with the widespread use of CFS in
building construction, ordinary thin-walled light steel poses a number of problems in practical
construction. Moreover, using composite CFS to solve these problems is feasible, but this still

needs theoretical and practical verification.

12 Footfall Analysis of Residential Floor
Beams Using CFS C-Shaped Built-Up Sections
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Figure 4. composite CFS flooring system
(Kyvelou et al., 2017).

2.2 CFS built-up sections

CFS built-up sections have been developed in response to the growing demand for CFS
sections as a cost-effective design solution (Roy et al., 2021). Moreover, the structural behavior
of CFS built-up section beams has been the subject of numerous studies (Yao et al., 2020).

2.2.1 Types and properties of built-up sections

According to Yao et al. (2020), as shown in Figure 5, the combined segment elements generally
consist of two CFS openings forming a back-to-back open segment or interlocked to a closed
box segment. In addition, from familiar built-up section members can be combined into more
complex members such as (5), (6), (7) in (b) in Figure 1 or change the shape of the cross-section
such as (3), (4) in (b) in Figure 1. This makes it possible to meet the needs of more types of

construction.

Their nature is even more unique: the built-up sections have strong torsional rigidities and great
lateral-torsional buckling capacity compared to CFS joists of single open sections such as
lipped channels and Z-sections (Yao et al., 2020). As a result, a member with built-up parts
may bear more weight and span greater distances. Struts in steel trusses and space frames, wall
studs in wall frames, and columns in portal frames are all applications (Roy et al., 2018).

Xueting Weng 13
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Figure 5. Cross-section geometries of specimens.
(@) Built-up I-section beam, (b) built-up box section beam (Yao et al., 2020).

2.2.2 Composite action of CFS built-up sections

The combined effect of CFS built-up elements is mainly manifested in their load-bearing
capacity and bending resistance. Furthermore, many factors influence the composite action of
assembled components. These two critical aspects of composite action influences studied in
the literature will be described here.

The first is the impact of the way members are connected. According to Rasmussen et al. (2020),
as shown in Figure 3, if two component pieces are welded along their whole length, the abutting
surfaces of the webs will experience the same strain, resulting in full composite action. In
contrast, if the pieces are not connected, they bend independently, with no combined effect.
However, most fasteners experience relative longitudinal (shear) displacement of the part at
the attachment site between these two limit instances, resulting in shear forces in the fastener.
Moreover, the paper shows that the shear stiffness of the connections, comprising the shear
stiffness of the fastener and the in-plane stiffness of the linked ply, as well as the axial stiffness
of the component sections, determine the degree of composite action. The expressions for
effective bending, buckling, and torsional stiffness are then deduced based on mechanical
methods through linear and flexural analysis of the member in bending, thus studying the
change in composite action as the fastener point changes. The study shows that the stiffness
varies with the square of the enclosed area. In other words, the more fastener points there are,

the greater the effective stiffness at the centre of the member, the less it is affected by external

14 Footfall Analysis of Residential Floor
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influences, and the more stable it is, as shown in Figure 6. In addition, the distance between
fasteners also affects the moment load capacity of CFS composite beams. Wanniarachchi (2005)
investigated this by building a finite element model of a CFS beam and found that when the
distance between fastening points was increased, it made the member more susceptible to
deformation. It can be deduced that the smaller the distance between the forbidden fastening

points, the stronger and more stable the CFS.

F ] o=

fastencr fastener

-
L4 1 £ W

"( e —— — Y'
Segment 1 Segment 2
~ [l . ' 1] -
M r T T i M
e ’ 53
| | | : | - ]
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. !
Asl ‘-\nl
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=0k
e - . - e
~Elgr, = Elegr,

Figure 6. Built-up beam with two and four fastener points (Rasmussen et al., 2020).

Secondly, the size of the member, the height to width ratio, and the section’s flange width to
thickness ratio also significantly affect the composite action. Shi et al. (2015) and Zhou et al.
(2016) have conducted experimental investigations and concluded that the flexural capacity of
CFS double-limb built-up beams is primarily influenced by the flange width-to-thickness and
the section height-to-width ratio. Recently, Yao et al. (2020) investigated the flexural
performance of CFS built-up beams through experimental tests and numerical simulations to
determine the effect of member size on the composite action. Firstly, the flexural load capacity
of 30 supported beams of different configurations was tested experimentally, and a finite
element model was built simultaneously for the same analysis. The structures were then
compared, and the two results were in good agreement so that the finite element model could

be used for parametric analysis. Finally, the model was used to analyse the effect of the

Xueting Weng 15
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different section height to width ratios and flange width to thickness ratios on the load-carrying
capacity. The conclusions drawn in Figure 7 show that the higher the section height to width
ratio and the higher the flange width to thickness ratio of the composite member, the higher the
moment carrying capacity of the CFS built-up beam.

— Bltg=15
—o— Bitp=20
—o— Bltg=25
- Bit=30
4.0

Figure 7. Effect of height-to-width ratio (a) and flange width-to-thickness ratio (b) on the
ultimate moment capacity (Yao et al., 2020).

Although various studies have been devoted to the mechanics and influencing factors of CFS
composite members, there has been no study of the performance of the whole floor system after
controlling for these factors. Neither has it been studied in conjunction with actual construction
to investigate their vibration in subfloor systems and give guidelines for the design of subfloor

systems.

2.3 Vibration of CFS floors

The vibration of CFS floors has been discussed in several papers. Davis et al. (2008) show that
CFS floor systems have a greater span than timber floor systems and are lighter than steel beam
and concrete systems, but this high strength-to-weight ratio design makes them more prone to
vibration. Debney and Willford (2009) also show in their article that many years ago, the only
deflection was limited in the design of floor structures. However, with the advent of lighter,
more efficient structures, floor structures have become more active. In addition, Xu (2011)
indicates in his study that human activity is more likely to cause vibration in lightweight steel
floors and that lightweight floor vibrations have not been well addressed regarding
serviceability issues. A more detailed description of the existing literature on floor vibrations

and the gaps in the research is presented below.

16 Footfall Analysis of Residential Floor
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2.3.1 Vibration generation and human perception

CFS has been increasingly used in the modern building floor framing. However, due to its high
strength-to-weight ratio, its inherent low damping makes it more susceptible to annoying
vibrations caused by human activity (Zhang & Xu, 2022). Due to a lack of research, the only
design criterion for lightweight steel structures was a span deflection limit of L/480 under
uniform load in the early days. However, for medium to long-span lightweight steel floors, the
performance was still not guaranteed using this criterion alone, and it was often costly to correct
after construction (Xu, 2011). As a result, it is required to investigate floor vibrations;
nevertheless, because floor vibrations primarily affect serviceability, it is necessary to begin

with, human perceptions of vibrations.

Since the 1970s, a number of countries have conducted substantial research on floor vibration
serviceability (Zhang & Xu, 2022). According to Lenzen (1966), floor vibrations from regular
use are transient, and their rate of decay, frequency, and amplitude influence occupant comfort.
Debney and Willford (2009) also indicate that human tolerance to vibration is complicated by
changes in the direction, frequency, and duration. Tests were carried out using transient
vibrations, as shown in Figure 8, reducing the original Reiher-Meister criterion by a factor of
10 to consider the human perception of transient excitation and referring to this updated
criterion as the modified Reiher-Meister scale. According to a study by Xu (2011), it was found
that the movement of the floor system, physical awareness, and psychological sensitivity to
vibration all contribute to the human perception of vibration. Due to resonance within the body
cavity, humans are most sensitive to vibration frequencies in the range of 4 Hz to 8 Hz ( Grether,
1971). As shown in figure 8, the International Standards Organization (ISO) devised a floor
vibration restriction criterion based on the maximum permissible root mean squared (RMS)
acceleration for a given structure's fundamental frequency. The horizontal coordinates of the
curve indicate the frequency of vibration, and the vertical coordinates indicate the practical
value of acceleration. It can be seen that human beings have a low tolerable acceleration
between 4 Hz and 8 Hz. Therefore, if the fundamental frequency is within this range, the floor

system should take measures to ensure that the RMS acceleration is below the applicable limits.
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Figure 8. Modified Reiher-Meister scale (Lenzen 1966).
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The human response to vibration depends not only on human physiology but is also influenced
psychologically. Negreira et al. (2015) carried out a subjective psychological vibration test on
a wooden floor after objective measurements on the floor in the laboratory. The participants
sat in a chair to feel other people walking, then stood up, walked freely, and assessed the floor's
performance. Finally, the answers provided by the subjects were compared with the measured
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and calculated objective parameter values to determine the best design indicators for vibration
acceptability and vibration disturbance, respectively. In summary, human perception of floor
vibrations is primarily about the duration of floor vibrations, physiological and psychological.
It is thus clear that floor vibrations appear to be challenging to measure and control compared

to other structural criteria.

2.3.2 Loading methods for floor reactions caused by human walking

How the load is loaded is also a key factor affecting floor vibrations. Zhang et al. (2017)
developed three different loading methods for a damped plate oscillator model that will be

presented here.

The first is moving force (MF) loading, as shown in Figure 1, where the position of the feet
modells the human walking during walking. It is well known that both feet of an occupant
contact the floor for a brief length of time, that is, one-foot initials contact the floor with 'heel
strike," while the other foot leaves with 'toe-off,' resulting in an overlapping of two feet
throughout the walking process (Racic et al., 2009). Based on Racic et al. (2009), Zhang et al.
(2017) determined the floor system's dynamic response to the footstep force by setting the
number of oscillators or users No=0. Figure 11 depicts the loading technique while considering
the overlap periods.

Figure 10. Moving force loading (Zhang & Xu, 2020).
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Figure 11. Single-footfall force loading system (Zhang & Xu, 2020).

The second way of loading the human body is modeled as a heavily damped oscillator moving
over the structure, taking into account the HSI of human walking, as shown in Figure 12. Its
floor response for each footprint is obtained by placing an oscillator with human dynamic
characteristics on the footprint. Furthermore, the loading scheme is similar to that shown in
Figure 11, where the principle of superposition is used to derive the complete response of the
human body when walking on the floor. The moving damped-oscillator (MDO) is a method
for forecasting the dynamic response of floor vibration that may be built using Zhang et al.

(2017)'s damped-oscillator model with No = 1.

The third loading method is to create a moving and stationary damper (MSDO) model to
anticipate the dynamic response of moving and stationary floors, as shown in Figure 13. This
is because humans not only activate the floor system to generate vibrations but also experience
vibrations. As a result, the moving human is represented by a damped oscillator moving across
the floor. In contrast, the stationary inhabitant is represented by an oscillator that remains in a
fixed place (Zhang et al., 2017).

Figure 12. Moving damped-oscillator loading (Zhang & Xu, 2020).
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Figure 13. Model of moving and stationary damped-oscillators (Zhang & Xu, 2020).

2.3.3 Laboratory testing of floor vibrations

To better investigate the effect of construction details on the vibration performance of CFS
floors and to verify the accuracy of the current design, the laboratory will test the response of
the floor and compare it with the floor characteristics in the field. Moreover, testing is generally
divided into static and dynamic testing. In particular, the static test quantifies the maximum
deformation of the floor slab when subjected to a static load of 1 kN to determine the load
sharing capacity, as shown in Figure 14 for the static test apparatus. Dynamic testing directly
quantifies the vibration characteristics of the structure. The test is carried out by applying
dynamic loads such as dropping sandbags from a height and monitoring the acceleration at
different locations on the floor (Xu, 2011).

Such experimental methods have been used and tested in several papers. The University of
Waterloo undertook a laboratory testing program that looked at 23 different full-scale floor
systems. The floor system was mounted on the same sizeable CFS frame and freely supported
to simulate the worst-case scenario (Davis et al., 2008). Figure 15 shows a top view and cross-
section of the floor slab tested in the laboratory. A similar floor framing model to Davis et al.
(2008) was used in the tests of Xu (2011), but the difference is that this test is more detailed.
The experiments began by determining the floor spans and lengths of the bedroom and living
room based on the deflection criteria of L/480 and then tested the vibration characteristics of
41 and 36 full-size floors with joist spans in the range of 4.270 to 6.755m at 1.4 kPa and 1.9
kPa respectively. The next phase tested 23 full-size floors with floor spans from 4.42 to 6.64m
and a joist for back-to-back shaped C-shaped CFS with spans greater than 6.64m (Xu, 2011).
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Figure 15. Top view and cross section of laboratory floor slab (Davis et al., 2008).

2.3.4 Insitu testing of floor vibrations

Field tests are closer to reality than laboratory tests and are less conservative than laboratory
tests. The primary purpose is to assess the vibration performance of lightweight steel floor
structures and compare the results with those of laboratory tests (Xu, 2011). The field tests of
Davis et al. (2008) were chosen in four mid-rise residences in the USA where the main structure
of the site floor was CFS matched to a laboratory flooring system. The difference was that the
site floors had been completed with underfloor ductwork and insulation. Xu (2011) selected
over 25 residential floors in Canada for a site survey and conducted dynamic and static tests as
in the laboratory. These selected dwellings ranged from partially finished to fully finished and
furnished. Like the laboratory, the static test starts with a concentrated load of 1 kN applied to
the centre of the floor and a mechanical dial gauge to measure the deflection of the floor beams.
The dynamic test uses a 10kg sandbag to hit the floor from 0.305m in a free fall and an 80kg
person dropping from the heel to impact the floor.
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Field testing and laboratory testing complement each other, with laboratory testing predicting
the worst case scenario and field testing validating the feasibility of laboratory results. However,
both field and laboratory testing are time-consuming and costly and require financial support,

and in some cases, cannot be considered the best testing method.

2.3.5 Parametric study of vibration

In order to quantify floor vibrations, many studies and experiments have chosen to apply
several characteristic parameters. These characteristic parameters are presented below, mainly
based on the literature of Davis et al. (2008).

According to Davis et al. (2008), the floor's vibration consists of dynamic and static responses.
The natural frequency, damping ratio, and root mean square (RMS) acceleration are the critical
components of the dynamic response of floor vibration, all of which are determined by

acceleration response against time measurements.

Natural Frequencies

The floor system's natural frequencies (f1 and f2) were calculated in the frequency domain by
picking the first two dominating peaks in the power spectrum. Due to the impulsive excitation,
the contribution of higher-order multiples and torsional modes to the floor response is minimal
(Johnson, 1994), and discussion in general studies have been limited to the fundamental
frequency, which has the most excellent effect on the response of the floor system (Davis et al.,
2008).

Damping Ratio

The greater the damping ratio, the faster the vibration decays and the shorter the duration;
conversely, the smaller the damping ratio, the slower the decay of floor vibration, and the
longer the duration, the longer the time humans feel uncomfortable. Based on structural
dynamics, damping ratios are generally calculated in the frequency domain using the half-
power bandwidth method and in the time domain using the logarithmic decay method. The
half-power bandwidth approach cannot separate modal damping ratios for floor systems with
closely spaced frequencies. Only the logarithmic decrement approach was applied (Davis et al.,
2008).
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RMS Acceleration
The values of the root mean square (RMS) of a floor's acceleration under vibration is generally
obtained through software programs. In the study by Davis et al. (2008), the RMS values of
acceleration were obtained by the procedure described in ISO 2631 (ISO, 1997) and without

using weighted frequency components.

Static displacement

The static response of the floor is measured by the deflection of the central joist in the span,
which is used to determine the floor system's static bending stiffness (Davis et al., 2008). The
static deflection mainly reflects the displacement of the floor vibration and the static
displacement of the floor in the field construction also directly reflects the vibration of the floor.
The characteristic parameters of the static and dynamic response effectively quantify floor

vibrations and contribute to studying solutions for CFS floor vibrations.

2.3.6 Methods for controlling vibration in CFS floors

Many studies have been conducted to offer possible ways of controlling the irritating vibrations
of lightweight steel floors. Several lines of evidence suggest that The more extended the floor
beam span, the lower the fundamental frequency and the lower the centre deflection (Davis et
al., 2008). As low-frequency floors are prone to vibrations, in some modern buildings, the
choice is made to reduce the span of light steel beams or to use more rigid beams to make the
floor more stable. Another way to effectively increase the fundamental frequency and damping
ratio and reduce deflection is to add a back plate to the frame with the end fixed to the wall
studs (Xu, 2011). In the study by Nguyen (2013), the inherent frequency effect due to the
structural elements' self-weight was eliminated by using a damper (as in Figure 16) to cancel
the tuning. In addition, the frame conditions at the ends of the floor joists also affect vibration.
The balloon frame provides a greater fundamental frequency and less deflection, giving better
vibration performance than the platform frame. These methods of controlling floor vibrations

are varied and have varying degrees of effectiveness.
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Figure 16. Damper attached to the flange of beam (Saidi et al., 2011).

In summary, current methods of controlling vibration in lightweight steel floors are mainly for
single-section members. Nevertheless, little literature has been devoted to the details of floor
vibration control for composite section members. Previous literature has shown that higher
stiffness and lower centre deflection of built-up sections can reduce vibration. However, more
research is still focused on the design and performance factors influencing the cross-sectional
dimensions of composite section members. Very little has been done on the impact of their
welding method on the floor system, particularly in terms of the intuitive impact on the whole
floor system. Although Rasmussen et al. (2020) refer to the effect of welded joints on CFS
beams, this is only for individual members. It is still unknown what results will occur when the
members are placed into the floor system according to actual engineering requirements.
Therefore, as composite CFS is increasingly used in residential applications, it is of interest
that this report examining the effect of the welding method of built-up CFS beams on the

vibration of floor systems can give helpful advice and guidance for modern construction.
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3 METHODOLOGY

The primary method used in this project was the FEA method. Firstly, a structural sketch was
made based on a site visit to the dwelling. A finite element model of the floor structure was
built using Strand 7 based on the theoretical basis of structural mechanics. Finally, a footfall

analysis was used to compare the results.

3.1 Theoretical methods

The study's theoretical basis is mainly the finite element analysis (FEA) method and the
control variables method. FEA is a sophisticated structural engineering analysis method.
Engineers and designers can get a better understanding of structural stress and strain
distribution with FEA than they can with traditional analysis methods (Shaikh, 2012). In
addition, Rinchen and Rasmussen (2019) have shown that this type of numerical modelling
and analysis is now one of the most convenient ways to study CFS structures. Debney and
Willford (2009) also indicated that finite element analysis (FEA) is a reliable and time-saving
method for predicting the floor footprint response in both rectangular and non-rectangular
frames (as in the example in Figure 17). The choice for this project was to use Strand 7 to
build a finite element model and then use finite element analysis to obtain the vibration of the

floor.
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Figure 17. An irregular floor frame was subjected to a FEA (Debney & Willford, 2009).

For the different welding methods of CFS beams with back-to-back I-shaped sections, this

project has chosen to use the controlled variable method to compare the vibration of different
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welding situations more intuitively and scientifically. Firstly the welding situations are
divided into three, as in Figure 3, the first with full composite action, the second with partial
composite action, and the third with no composite action. The joists of the floor system are
guaranteed to all be of the same C-open CFS. Then, separate finite element models are built

to analyse the floor vibration using these three welding cases.

3.2 Site Survey

This project investigated a residential house under construction in Moorooka, Queensland,
Australia, to get closer to reality. The internal structure of the floor is shown in Figure 18,
which utilizes a hot rolled steel beam and a C-shaped CFS joist, which was investigated on-
site and found to be a truss structure consisting of CFS bolted together. In addition, site
construction staff said that to make the floor structure more stable and reduce vibration, the
floor beams were chosen from hot-rolled steel, but this was more costly and labour intensive.

> vl bearfv s

Figure 18. Construction site floor structure.

The structural model sketches for this project have been initially determined through site
measurements and surveys. The floor beam span was set at 4500mm, the joist span at 4800mm,

and the angle of the joist internal truss at 45°.
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3.3 Validation of finite element models

This section will verify the feasibility of Strand 7 in this project from two aspects based on
mechanical theory. The first part verifies the feasibility of idealizing the connection bolts with
rigid links. The second part verifies whether the floor model built with Strand 7 is compatible

with the structural mechanics.

3.3.1 Verification of fastening methods

To demonstrate the performance of a bolted connection idealized by a rigid link, a model of
the connection with a rigid link was built and analysed in Strand 7. The following is the

modelling and validation process.

Figure 19. Verification of rigid links instead of bolted connections.

To demonstrate the performance of a bolted connection idealized by a rigid link, a model of
the connection with a rigid link was built and analysed in Strand 7. As shown in Figure 19, the
verification model consists of two rectangular plates with four corners connected by rigid links,
i.e., points 1, 2, 3, and 4 are connected to points 17, 12, 18, and 14, respectively. A force of 5N
in the y-axis direction is then applied at points 1, 2, 3, 4, 5, 6, 8, and 9, respectively. If the rigid
link can be used instead of the bolted connection, the bearing reaction force at the other plate
will also produce the same magnitude and force in the same direction. The resultant force at
each point in the Y-axis is shown in Table 1, which shows that the combined force at the four
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points of the connection is 10*4=40N, and the force applied to the other plate is 5*8=40N of

equal magnitude and opposite direction. From this, it can be seen that the verification is valid.

o | (=
FY -
)

Node 14 -1.000000x 10*
Node 12 -1.000000x 10
Node 18 -1.000000x 10
Node 17 | -1.000000x 10"
Node 10 0.000000x 10°

Node 5 0.000000x 10°
Node 9 0.000000x 10°
Node 1 0.000000x 10°
Node 4 0.000000x 10°
Node 15 0.000000x 10°
Node 7 0.000000x 10°
Node 2 0.000000x 10°

Node 13 0.000000x 10°
Node 11 0.000000x 10°
Node 16 0.000000x 10°

Node 3 0.000000x 10°
Node 8 0.000000x 10°
Node 6 0.000000x 10°

Table 1.Value of the support reaction force in the Y-axis

3.3.2  Verification of support reaction forces

To verify that the modeling of the entire floor system is complex logical, and reasonable, one
of the floors in this project was used for analysis. Figure 20 shows the floor model built-in
Strand 7 with a surface force of 2 kPa applied in the Y-axis direction. The whole floor area is
4.8*4.5*2+0.002*4.5*3+0.096*2*4.5=44.091m2. It has a theoretical support reaction force of
44.091*2=88.182KN. The actual reaction force solved is shown in Table 2, and the combined
force is 88.16KN using Excel. The floor model developed with Strand 7 is feasible because it

is within the margin of error and in general agreement with the theoretical response force.
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Figure 20. Floor model of the Strand 7.
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Node 1019 -4.707807x 1072
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Node 1818 -3.772272x 1072
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Table 2. Node reaction results.

3.4  Finite element modelling of flooring structures

3.4.1 Geometrical modelling

The CFS floor structure consists of three main parts, respectively: back-to-back I-section beams,
joist, and floor. The top view of the floor model is shown in Figure 21, with a floor beam span
of 4.5m and a joist span of 4.8m spaced at 0.45m. The front view of the floor model is shown
in Figures 22, 23, and 24 for no composite action, partial composite action, and full composite
action, respectively. These three cases represent the transition from no soldering to complete
soldering. These three cases represent the transition from unwelded to fully welded, with the
intermediate cases being fastened with bolts at every 4.5/4 = 1.125m.

Moreover, it can be seen from the drawing that the joist forms a truss structure with an angle
of 45etween the inclined members and the horizontal construction, and the distance between
the two horizontal joists is 300mm. In addition, the two members of the back-to-back beam are
spaced 2 mm apart, and the joist is also spaced 2 mm apart from the beam. The total length of

the floor model is, therefore, 9.798m with a width of 4.5m.

Figure 21. Top view of the floor (in mm).
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Figure 22. Front view of the floor ( Case 1: No Composite Action).
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Figure 23. Front view of the floor ( Case 2: Partial Composite Action).
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Figure 24. Front view of the floor ( Case 3: Full Composite Action).

In addition, as CFS C30024 was chosen as the beam material for this project, Figure 25
shows the cross-section and dimensions of the back-to-back 1-shaped CFS beam using CAD
according to the standard. The horizontal joist is called "Chord" and is made of CFS
C50*50*1, i.e., 50 mm long, 50 mm wide, and 1 mm thick, with the dimensions and
properties shown in Figure 26. The inclined joist called "web," as in Figure 27 is made of
CFS C50*50*0.5.

Zed and Cee Sections - Dimensions and propnnio.( o0 &

‘]:%;éh' Shaar j "“/\] :
=1 il )y e
.; - o ;‘.d o . i i =
- st 8
\ = L
v Yy : ._,'_.l .-‘—.:','.:——--‘
Zed section Cee section v
Dimensions of Zeds & Cees
o BEETET e o e e
C30024 Beam (mm) - =
(a)Beam section and dimension (b)Zed and Cee Sections-Dimensions and Properties
32 Footfall Analysis of Residential Floor

Beams Using CFS C-Shaped Built-Up Sections



6002ENG — Industry Affiliates Program , Trimester 1, 2022

Figure 25. Beam sections and dimensions.
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P LT PEEL Y DX #B:ETIDPDH
/s 1 80 @ /7 @B 0 @&
2 Web v ZWed -
- Materisls.... | Structural Steel - Materisls... | | Stuctral Steel
T Type
- Struchural |Noninear | Heat | Tables | Section | Geometry | Struchural | Norinesr | Meat | Tables | Secion  Geometry
Sorng Damper | () Sorng-Damper
Modikus 20017 “a ] Uppes Chamng
Catie © Posson's Rato 0.2 Cable Geometry | Discrebsaton (Norinear) |
Centrod: mm
Truss SR D e Truss - x: 19.0%
Densty 7.85002x 10* g’ I y: 5.0
Cutot Bar o g : Cutoff Bar
PontContact | | Damping Ratio 0.0 Piint Criack ‘:‘:‘“’9
Thermal Exparsion Lixp” K :
O seam Qteam r—— S
User defned User defired
s i | £dr
Connection () Connection * Ubrary
Total Propertes: 2 Cose  Total Propertes: 2 Cose

Figure 27. Dimensions and properties of Web.

The following begins modeling the structure in Strand 7 by first creating a two-dimensional
floor structure based on the co-ordinate points in Table 3 and connecting the points using line
elements. The two-dimensional model is then transformed into a three-dimensional model
using Strand 7's Copy and Extrude. The beam is then turned into a plate element using
"Subdivide." The properties of the elements are then set according to the nature of the parts.
The model of the steel structure without the floor is shown in Figure 28.
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Table 3. Coordinates of modelling points.

Figure 28. Finite element model of the internal structure of the floor.

Finally, a wooden floor of 15 mm thickness was laid on top of the steel floor structure and

adjusted to the proper position using the "Off Set" in Strand 7. Figure 29 depicts the floor's

final geometric model.

Figure 29. Finite element model of the floor.
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3.4.2 Connection point modelling

The steel is usually bolted to each other on a natural CFS floor. In this project, the bolted parts
are replaced by rigid links, and the shear forces at the truss are released to simulate a realistic
structure. The feasibility of idealizing the bolts and rigid links has been verified in 3.3.1. As
the practical effects of welding and bolting are similar, rigid links are also used to simulate the
effects of welding for beams of built-up steel. However, because there is no method to mimic
the minor wear induced by friction between individual components, this model can only reflect

the situation under perfect circumstances.

3.4.3 Element types and meshing

In the modeling process, line elements are used for the joist part and plate elements for the
beam part. As the CFS joist elements are thinner and more complex than the beam elements,
and as the main focus of this project is on the effect of different beams, the line elements are

most suitable.

A minimum number of plate elements is used for the beam section. The time required to solve
the model varies due to the accuracy of the different number of elements. In the floor model
with different numbers of elements, it was found that the higher the number of elements, the
larger the displacements obtained and eventually stabilized, as shown in Figure 31. Table 4
shows that the higher the number of elements, the longer the running time for the calculation.
However, the difference in displacement results was slight, so choosing the smallest number

of elements saves modeling and calculation time, and the results are equally informative.
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Figure 30. Number of elements.
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Figure 31. Floor centre displacement for different element models.

Number of elements 4 8 16 o4
Displacenent (mm) 6. 300356 6. 799626 7.02824 7, 204394
Simulation time(s) 1781 Seconds ( 0:00:02) 211 Seconds ( 0:00:0) 8,62 Seconds ( 0:00:00) 9.078 Seconds ( 0:00:5)

Table 4. Running times for different numbers of elements.

3.4.4 Boundary conditions

To enhance the effects of floor vibrations by further compounding the problem and reducing
the limits on the floor system. The boundary limiting conditions are described primarily based
on the axial settings in the lower right-hand corner of Figure 29. Based on the situation, the
floor slab is not constrained by deflection in all directions. Restriction in the X and Y-axis
directions for joists. Restriction in all directions for beams at one end to simulate essential
support and release displacement in one direction at the other end to intensify vibration effects

by restricting displacement in the Y and Z-axis directions only.

3.4.5 Application of loading forces

The loading here simulates the footfall of an adult weighing 50 kg on the floor to simulate floor
vibrations properly. Assuming that four such adults stand on one square meter, they weigh
50*4=200kg, which is approximately 2 kN. Therefore a surface force of 2 kPa needs to be

applied to the floor surface in the finite element model to obtain Figure 32.
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Figure 32. Floor structure after adding load.
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4 FOOTFALL ANALYSIS RESULTS

This chapter shows the results obtained from the analysis of the finite element models using
the footstep analysis method. The three models are given different names to make the FEA
more accessible and comparable. "Case 1" refers to a composite beam that is not welded and
has no composite action; "Case 2" refers to a partially bolted beam with partial composite
action, whereas "Case 3" refers to a fully welded beam with full composite action. And the
beams used for the floor in the three cases are shown in Figure 33. The vibration of the model
is described below in three aspects: natural frequency, dynamic response, and static

displacement.

[ ] '] S i | Y
L J = |
Case 1: Beam without composite action

[ G T

L ] [' ' - (1‘ . pe— )
Case 2: Beam with partial composite action

[ ] e S

L ] '

Case 3: Beam with full composite action

Figure 33. Three cases of beams.

4.1 Natural Frequency

The natural frequency of floor vibrations affects how humans perceive floor vibrations. Human
beings feel the vibration most strongly when the natural frequency of the floor is between 4 Hz
and 8 Hz (Grether, 1971). For this reason, it is desirable to have a natural frequency of more
than 10 Hz for general construction.
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Figure 34. Natural frequency solver and setup details.

For this project, the model was analysed for three cases using the natural frequency analysis
solver in Strand 7 (see Figure 34). All solution procedures are shown in Appendix A. The first
analysis was a floor model of a CFS beam without composite action, which was found to have
a natural frequency range of 7.1784 Hz to 15.26 Hz using the solver. Four natural frequencies

within this range were then selected to view the floor model as shown in Figures 35 and 36.

One example was between 4 and 8 Hz, two cases between 8 and 10 Hz, and one case more
prominent than 10 Hz were chosen. From Figure 34, it can be seen that when the natural
frequency is 7.63039 Hz, the maximum displacement of the floor is approximately 0.468 mm;
at a natural frequency of 8.926 Hz, the maximum displacement is approximately 0.229 mm. It
can be seen that at this point, the floor displacement decreases as the natural frequency
increases. However, as shown in Figure 35, the natural frequencies of 9.11511 Hz and 12.7273
Hz are 0.603 mm and 1.752 mm, respectively, where the displacements increase as the natural
frequency increases. Natural frequencies beyond 10 Hz, on the other hand, are less detectable
to humans, implying that natural frequency displacements have a more negligible effect on the
human body.
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Figure 35. Floor model with natural frequencies at 7.63039 Hz and 8.926 Hz respectively
(Case 1).

Figure 36. Floor model with natural frequencies at 9.11511 Hz and 12.7273 Hz respectively
(Case 1).

The exact solver was used to analyse the floor model with a partially compound-acting beam,
and the solution procedure is shown in the appendix A. The solver gives it a natural frequency
range of 9.1495 Hz to 11.1267 Hz. As shown in Figure 37 for the floor model at 9.1495 Hz and
11.1261 Hz, the floor displacements are 0.00253 mm and 0.00234 mm, respectively.
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Figure 37. Floor model with natural frequencies at 9.1495 Hz and 11.1261 Hz respectively
(Case 2).

Figure 38. Floor model with natural frequencies at 9.15002 Hz and 11.1263 Hz respectively
(Case 3).

For the floor model with a fully composite acting beam, the solution analysis yielded a natural
frequency range of 9.1495 Hz to 11.1267 Hz and the solution procedure is shown in the
Appendix A. As shown in Figure 38 for the floor models at 9.15002 Hz and 11.1263 Hz
respectively, the floor displacements were 0.00133 mm and 0.00274 mm respectively.
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The analysis of the natural frequencies shows that the natural frequencies of the floor without
composite action beams are lower than in the other two cases and that the natural frequency
range is essentially the same in the other two cases. Furthermore, with a non-composite active
beam, the minimum natural frequency of the floor is less than 8 Hz, when humans are more
sensitive to vibrations that are not suited for practical procedures. In contrast, the minimum
natural frequency for both partially and fully composite beams is 9.1495 Hz, greater than 8 Hz,

and can be used in practical engineering.

4.2 Harmonic Response

Harmonic response, a constant frequency-based analysis, is often used in Strand 7 to analyse
floor vibrations. Here the harmonic response analysis will be carried out using the solver as in
Figure 39. The response factor, peak acceleration, and peak displacement will be calculated
from the equations and then plotted for comparison.

Start |Results | Fies | Bandwidth | Defaults |
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Freguency File... Load Cases. ..
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Figure 39. Harmonic response solver.

The floor without composite action beams was first examined for the fourth harmonic response
based on the results of the natural frequencies of the floor and the vibrations created by human
walking, and the parameter intervals are displayed in Table 5. The data obtained were entered
into an Excel sheet, and the linear acceleration and total RMS Acceleration (SRSS) were
calculated using the following formulae. The peak acceleration of individual harmonics is

known as An peak.

Linear Acceleration Sum = ZAh,Peak (1)
Harmonics
TotaRMSAceeleration= | > A o
Harmonics
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)
Ah Peak
= 3
A s 2 @)
Harmonic Start(Hz) End(Hz)
First 1 2.8
Second 2 5.6
Third 3 8.4
Fourth 4 11.2

Table 5. Parameters for four executions of the Harmonic Response solver.

The results were calculated and plotted as a graph in Figure 40, and the data in Excel are shown
in the Appendix B. The horizontal coordinate of the curve is the natural frequency interval, the
first interval is 1.8 Hz the next three are multiples of 1.8, so they are all based on 1.8; the
vertical coordinate is the value of the acceleration produced. The results are mainly observed
in the fourth harmonic analysis, and the peaks are found. The graph shows two peaks in
acceleration, in the third and fourth analysis, respectively, with a maximum acceleration of
1.12*10%mm/s?, the third at 2.55, i.e., 2.55*3=7.64Hz, and the fourth at 1.91, i.e.,
1.91*4=7.64Hz.

Since the third analysis was carried out in the interval from 3 Hz to 8.4 Hz and the fourth in
the interval from 4 Hz to 11.2 Hz, there was overlap so that both analyses produced a maximum

in the same place.
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Figure 40. Peak Acceleration (Case 1).

Next, the response factor is solved according to the equation. The ratio of the peak value to the
root mean square of the sine curve is used to compute the amplitude baseline response factor.

1
J2 , f<4Hz
100F

= \/Ei AHz < f <8Hz (4)
200

base

x/_——8Hz<f

The following is the response factor equation:

R — a;ertical (5)
R=1

And aRzlszase, .

Furthermore,, the graph necessitates the use of the following equation to calculate the overall

response factor.

Rya = RZ+RZ+R% +R? (6)
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The calculated response factor image is plotted in Figure 41, which has the exact horizontal

coordinates as Figure 40 for the natural frequency intervals; the vertical coordinates are for

the response factor. Using Excel in the same way to find the peak value, it was found that the

maximum value occurred at the natural frequency of 7.64 Hz in the third and fourth analyses,

with a response facto

1.80E+03

r of 1.58*10°,

Response Factor
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Figure 41. Response Factor (Case 1).

Solving for displacement has the same considerations and uses the same methods as solving

for acceleration. Similar to the previous two analyses, the maximum is derived as a

displacement of 4.86*10 mm at 7.64 Hz (see Figure 42). It can be seen that this value is

relatively small and is largely ignored in realistic engineering.
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Figure 42. Peak Displacement (Case 1).

Similarly, for floors with partially acting beams, the same analysis as in Case 1 was carried out
by first solving with the solver and then plotting the curves after substituting the formulae in
an Excel sheet respectively; the resulting curves are shown in Figures 43, 44 and 45. The peaks
all occur at the natural frequency of 11.13 Hz, with a maximum acceleration of 5.37 mm/s?, a

maximum response factor of 5.46*102, and a maximum displacement of 1.1*10°3 mm.
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Figure 43. Peak Acceleration (Case 2).
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Figure 45. Peak Displacement (Case 2).

For the floor of the fully composite acting beam, the same analysis was used for the two

previous cases. The curves obtained are shown in Figures 46, 47, and 48 after first solving with

the solver and then plotting the curves after substituting the equations in an Excel sheet. Their

peaks occur at the natural frequency of 11.13 Hz with a maximum acceleration of 6.61 mm/s?,

a maximum response factor of 6.72*10?, and a maximum displacement of 1.35*10° mm.
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Figure 46. Peak Acceleration (Case 3).
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Figure 47. Response Factor (Case 3).
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Figure 48. Peak Displacement (Case 3).
Peak Peak
Natural frequency ) Response Factor _
Acceleration Displacement
Casel |7.64Hz 1.12*10°mm/s? | 1.58*10° 4.86*10"t mm
Case2 |11.13Hz 5.37 mm/s? 5.46*10? 1.1*10 mm
Case3 | 11.13Hz 6.61 mm/s? 6.72*10? 1.35%10° mm

Table 6. Three parameters in three cases.

Table 6 summarises the maximum values of the three parameters for the three situations, and
the larger the three parameters, the more uncomfortable the body perceives the vibration. After
comparison, it was found that the floor without the composite action beam produced the highest
acceleration, response coefficient, and displacement and was about 1000 times larger than the
other two cases, which may be uncomfortable for humans. This is because 7.64 Hz is between
4 and 8 Hz when the floor resonates with humans. In contrast, these three parameters in the
second and third cases are not very different and are much smaller than in the first case,

indicating that humans do not readily perceive floor vibrations at this time.

4.3 Static Displacement

The analysis of static displacements in Strand 7 uses the linear static solver in Figure 49. As
specified, the final maximum displacement obtained needs to be less than L/480, which in this
project needs to be less than 4800/480 = 10 mm.
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Figure 49. Linear Static Analysis Solver.

The results obtained from the static analysis of the floor without the composite action beam are
shown in Figures 50 and 51, and the analysis process is shown in the Appendix C. It can be
seen that the absolute value of the maximum displacement of the first case is 5.193687 mm

direction downwards, less than 10 mm, so composite requirements.
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Figure 50. Colour chart for Beams  Static displacement (Case 1).
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Figure 51. Values of static displacement (Case 1).

Static analysis was used for the floor of the partially composite action beam (see appendix for
procedure). As in Figures 52 and 53, the absolute value of the maximum displacement for the
second case is 6.300356 mm in the downward direction, less than 10 mm, so composite

requirements.

Figure 52. Colour chart for beams static displacement (Case 2).
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Figure 53. Values of static displacement (Case 2).

Figures 54 and 55 show the static analysis results for the floor of the composite active beam
(see Appendix for the analysis procedure). The absolute value of the maximum displacement
for the third case is 5.158536 mm in the downward direction, which is less than 10 mm

following the requirements.

Figure 54. Colour chart for beams static displacement (Case 3).
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Figure 55. Values of static displacement (Case 3).

The analysis revealed that the maximum displacement for all three cases was less than L/480
= 10 mm, with the smallest static displacement for the floor without composite action beams,
followed by the floor with full-composite action beams, and the largest static displacement for

the floor with partially tightly confined beams via bolts.
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5 DISCUSSION

Three indicators compared floor vibrations and human perception for the three cases. This
project found that the static displacements produced by the floor from a floor without
composite acting beams to a floor with fully composite acting beams were less than L/480,

indicating that all three cases can be used in practical engineering.

However, human perception of vibration can vary in these three situations. The natural
frequency range of a floor without composite action beams is 7.1784 Hz - 15.26 Hz, with a
minimum value between 4 Hz and 8 Hz. It is effortlessly resonating with humans when they
are most sensitive to vibration perception. The natural frequencies of a floor with partially
composite acting beams and a floor with fully composite beams are 9.1495 Hz - 11.1267 Hz
and 9.1495 Hz to 11.1268 Hz, respectively when resonance is not readily generated. This also
indicates that the flexural stiffness of the beams in Case2 and Case3, as in Figure 55, is more
significant and has approximately the same effect. Similarly, in the harmonic response analysis,
the difference between the results for Case 2 and Case 3 is minimal, and the results for each
data are much smaller than for Case 1, which is a further indication that the I-shaped beams
with composite and complete composite action are much more stable than the regular I-shaped

beams without composite action.

The static displacement of Case2 is 0.9 mm more than that of Casel in the static analysis, which
does not match the actual scenario. The possible reason for this is that there is a difference
between the way the bolts are confined between the beams in the finite element model and the
actual construction. Because the position of the bolts in the vertical direction also affects the
stability of the beam in the actual project, the slight difference between the model and the actual
one creates an error. The good news is that the 0.9 mm is negligible and will not affect the rest

of the analysis.

In summary, although I-section beams without composite action, such as Case 1, are now used
in many projects, floors with partially and fully composite action beams give better
serviceability. The Case 2 beam is the better choice in floor construction as it takes more time,
effort, and money to fully weld, and the results do not differ much from those of a beam

confined with bolts.

54 Footfall Analysis of Residential Floor
Beams Using CFS C-Shaped Built-Up Sections



6002ENG — Industry Affiliates Program , Trimester 1, 2022

6 CONCLUSIONS

The purpose of this article was to investigate the vibration of a floor consisting of a C-shaped

CFS joist and an I-shaped built-up CFS beam and to compare the stability of the floor with the

beam in the three composite states. By building a finite element model using Strand 7 and

performing FEA, the following conclusions were obtained:

® This light floor with C-shaped CFS and its composite parts vibrates to produce static
displacements of less than L/480 composite construction requirements.

® A comparison of the natural frequencies of the three cases reveals that the floor without
the composite action beam is susceptible to resonance with humans. The other two cases
have a similar range of natural frequencies and are not in the sensitive range for human
resonance.

® The harmonic response shows that the impact of the floor's acceleration, response factor,
and displacement without the composite action beam are the greatest in all three cases. The
results for the other two cases are similar, almost 1000 times smaller than case 1.

Due to the tendency of mild steel flooring to cause irritating vibrations, serviceability is reduced.
By using built-up CFS beams that are either fastened or welded, vibrations in light steel floors
are effectively controlled, but considering economic costs and time, a partially composite beam
floor with bolted confinement is more advantageous and more suitable for the actual project.
Vibration problems in light steel floor constructions can therefore be solved and serviceability

improved by using composite CFS beams with bolt fastening.
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8 APPENDICES

8.1 APPENDIX A—Natural frequency solving process
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8.2 APPENDIX B—Harmonic response solving process
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2. 408-054. 518=002. T68-035. T68+003. T1E-
2. 408-054. 558=002. TTE-035. 828+003. T4E-
2. 408-054. 5BE=002. T88-035. 878+003. T8E-
2. 408-054. 628<002. T9-035. 938+003. 628
2. 418-054. 658+002. 80E-035. 888+003. B6E-
2. 413-054. 638-002. 81-057. 043-003. 13-~
2.41-054. T38+002. 828-037. 098+003. 958
2.41-054,. T68=002. 838-037. 158004, Q0B
2.413-054. 88=002. 84-037. 208+004. 048
2.418-054. 848-002. 858-037. 258+004. 098
2.428-054. §78=002. 868-037. 318+004. 148
2.428-054. 918+002. 87-037. 368+004. 198
1. 428-054. 958002 838-03 7. 478004, 258
2.428-054. 988-002. 89g-037. 478+004. 308
2. 428-053. 028=002. 90-037. 538004, 368
2. 438-053. 058+002. 918-037. 588+004. 428
2. 438-053. 098=002. 928-037. 648+004. 488
2. 438-053. 138+002. 948-037. 698004, 558
2. 438-053. 168+002. 958-037. T5B+004. 618
2. 438-053. 208=002. 968-037. 608004, 638
2. 45-053. 248-002. 97-037. 838+004. T6E-
2. 45-053. 278=002. 988-037. 918+004. 838
2. 45-053. 318=003. Q0g-037. 968004, 918
2. 45-053. 358+003. (15-058. 028+003. 008
2. 45-053. 388-003. 028-038. 078+003. 098
2. 48-053. 428+003. 03-038. 138+003. 188
2. 458-053. 458+003. 058-058. 188+003. 288

5 2. 458053, 498-003. 06E-058. 248-005. 388~

2. 458-053. 538+003. 088-038. 298+003. 498
2. 48-053. 568=003. 09-058. 358+003. 618
2. 468-053. 608=003. 108-038. 408+003. T4E-

(54, 158+002. 688-053. B8E-05
(54, 228+002. 695-053. 90805
(54, 208+002. T15-053. 93605
(54, 368+002. T38-053. 9605
(54, 48-002. T45-053. 9905
(54, 518+002. 768-051. 00E-04
{54, 388+002. 788-031. 018-04
(54, 658+002. §08-051. 01E-04
(54, T3g-002. §28-051. 01E-04
(54, 808-002. $48-051. 01E-04
54, 878+002. 868-051. 026-04
54, 958+002. §88-051. 026-04
55, 028+002. $08-051. 036-04
55, 098+002. $28-051. 036-04
55, 168+002. $58-051. 036-04
(55, 248+002. §75-051. 048-04
(55, 318+003. 008-051. 048-04
BE+003. 028-051. 05E-04
E+003. 088-051. 03E-04
53g+003. 085-051. 05E-04
55, 608+003. 108-051. 06E-04
(55 678-003. 138-051. 0604
(55, TaE+003. 168-051. 07E-04
5. 828+003. 198-051. 07E-04
55. §98-003. 225-051. 08E-04
{55, 968-003. 268-051. 08804
56, 048+003. 298-051. 098-04
56, 118+003. 338-051. 09804
{56 188+003. 368-031. 108-04
(56, 258+003. 408-051. 11E-04
(56, 338003, 45-051. 11E-04
(56, 408-003. 438-051. 128-04
(56, 478+003. §28-051. 128-04
56, 558+003. §78-051. 136-04
(56, 628+003. 618-051. 148-04
(56, 698-003. 668-051. 148-04
(56, T68+003. T18-051. 15804
56, 848+003. T68-051. 168-04
56, 918+003. §18-051. 17E-04
(56, 988-003. 868-051. 17E-04
(57, 058+003. $28-051. 18804
(57, 13+003. $85-051. 198-04
208+004. 4z-051. 208-04
004, 115-051. 218-04
E+004. 185051, 22E-04
A28+004. 258-051. 238-04
(57, 498-004. 325-051. 248-04
{57, 568-004. 408-051. 258-04
G4E-004. 48-051. 268-04
57, T1E+004. §75-051. 27E-04
(57 788+004. 66E-031. 298-04
(57, 858+00 4. T68-051. 30E-04
(57, 938+004. 868-051. 31E-04
58, 008-004. §75-051. 336-04
58, 07E=003. 098-051. 34804
(58, 158+003. 218-051. 36E-04
(58, 228+005. 355-051. 38E-04
58, 208-003. 495-051. 39804
(58, 368+003. 658-051. 41E-04
(58, 48+003. §28-051. 438-04
(58, 518+008. 028-051. 46E-04
58, 588+008. 238-051. 43804
(58, 658+008. 488-051. 51E-04
58, T3g+008. T75-051. 55804
58, 808-007. 125-051. 59804
58, 878+007. §75-051. 63E-04
58, 958+008. 168-051. T08-04
58, 028+008. $58-051. T8E-04
(59, 098+009. 675-051. BEE-04
(59, 168+008. 028-051. T08-04
(58, 248-003. 495-051. 45804
(58, 318+005. 45-051. 45804
(59, 388-008. 078-051. 518-04
(58, 458+008. 608-051. 58E-04
(58, 538-007. 148-051. 64804
(59, 608-007. 668-051. T08-04
(59, 678+008. 188-051. T5E-04
(58, TaE+008. T15-051. B1E-04
(58, 828+009. 275-051. B8E-04
{59, 898+00. 888031, 94804
(58, 968-001. 058-042. 028-04
(51, 008+011. 138-042. 108-04
51, 018+011. 215-042. 198-04
(51, 028+011. 308-042. 298-04
(51, 038011, 413-042. 40804
(51, 038+011. 48-042. B4E-04
(51, 048+011. 698-042. T0E-04
(51, 058+011. §75-042. B9E-04
(51, 058+012. 108-043. 128-04
{51, 068+012. 3838-043. 428-04
(51, 078+012. T68-043. B0E-04
(51, 088+013. 268-044. 328-04
(51, 088+013. $88-045. 05E-04
{51, 098+015. 068-045. 148-04
(51 108018, 768-047. 82804
(51, 118019, 298-041. 04803
051, 11E+011. 108-031. 218-03
(51, 128019, 115-041. 028-03

1 b 1 1 1
000000000000 2. 6278275510770, 0646828261540, 3752626000001, 0801941129972, 363201472381
018182000000 2. 7428077420290, 0676838195400, 3830454775341, 133303334281, 465785997801
036364000000 2. 8613813860540, 0707679986600, 4113527280321, 1881503373752, 569354513828
034545000000 2. 9334424185080, 0739361872780, 430192180656 1. 2447717556621 675993287489
072727000000 3. 1091843623610, 0771892877010, 4485709858181 3032056638112, T85TRTITI6RT
030309000000 3. 2387079021860. 0805280502330, 4684969231901, 363489733321 2. §93829504308
109081000000 3. 3721198373730 0339334472430, 4309778110961, 4256642141483, 015213280492
127273000000 3. 509525364891 0. 0874661515800 5110210615301, 4897688893133, 135054080913
145455000000 3. 6510427376450, 0910672056440, 532634873500 1. 55ER474316113. 258444214230
163636000000 3. 7967874871930, 0947572330700, 5548270381731 6239404689933, 385498574887
181818000000 3. 9468861691790, 0985372007090, 5776054743301 6340938192703, 516335856824
200000000000 4. 1014663802990. 102407953070, 600978498127 1. 7663632171563 651076568182
218182000000 4. 2606650860280, 1063702964750, 6249544299121, BA0T625384153. 789851930854
236364000000 4. 4246259836600, 1104249580950, 649541287599 1. 9173720473373, 932787809312
254545000000 4. 5934941427890, 1145729216760, 674747737168 1. 996230100536 4. 080054210708
272727000000 4. 7674294577250, 1188149196130, 005824346602, 07738THT86394. 231773870106
290309000000 4. 9465941085440, 1231518596740, 7270537315082, 1608973511134, 388113766213
309091000000 5. 1311585382870, 1215846155550 741706659372, 2468106221804, 549238359015
327273000000 5. 3213059386650, 1321138154040, 7810419881552, 351866744614, 715327428207
S45455000000 5. 5124171478850, 1367404803380, 8103769593342, 4151260395704, 886563234766
363636000000 5. T067654038130. 1414652924880 8394845693242, 4913045769895, 063138111737
381818000000 5. 9088958515530 1462391900230, 864273962202, 569354513828 5. 245264362726
400000000000 6. 1130218709390. 1512130805680, 886755039681 2. 6430412064275, 433156776623
418182000000 6. 3253659266380, 1662375773000, 9309369394162, 7304800071255, 627044041811
436364000000 6. 5441698632510, 1613637100870, 9628204332032, B137391026875. 827173640663
434545000000 6. 7696861084920, 1665921142010, 986442734791 2. BIB9504303 6. 033802675048
AT2T27000000 7. 0021839244400, 1719238482961, 028786500521 2. 9858022241816, 247207801610
430309000000 7. 2418451714210, 1773596304401, 0BZ8T07951173. 0746996887116, 467676624916
309091000000 7. 4392739320910, 1329003192221 0377064018183 165564324307 0. 693521986164
527273000000 7. 7444324602240, 1885467728711, 1333033342823, 25B4442142305. 931073397113
545455000000 8. 0079404762680, 1942997613731, 1696727700183, 3533646133137, 174680168513
563636000000 8. 2799849215270, 200160076761 1. 2086252839373, 4504364332447, 426718481172
581818000000 8. 5610134405210, 2061287906021 2447717556623, 5406491714997, 687587143314
600000000000 §. 8514420455790, 2122065182161, 2835242303753, 6510765681921 957713247436
618182000000 9. 1517154825420, 2183342932981, 3230919649363, T54TT23634408. 237554098731
636364000000 9. 4623128681770, 2246927916901, 3634897333213, B6074530997 8. 527604543520
634545000000 9. 7837432478160, 2311029786231, 4047266527593, 969201080621 8. §28386555033
672727000000 10. 1165602686740, 2376256663041, 4468151144174, 0800542107089 140470961337
630309000000 10. 4613546129180, 2442617311401, 488768889313 4. 1934175698671, 464465874263
109091000000 10. 8187678326280, 2510120277431, 5335999128604, 3093062119249, 801033145758
127273000000 1. 1894913846770, 2578774106481 5783193049184, 4279384333431, 150885539458
145435000000 11. 5742770597580, 264858734332 1. 6230404689934, 5492383590150, 514798044387
163636000000 11. 9739424628530, 2719568700421 6704788796254, 673330842269 0. 893613531885
181818000000 12. 3383750181430, 2791727222251, 77948011104, 80029050607 1. 288248412221
800000000000 12. 8215465505280, 2865070994281, TE6353277156 4. 930198704233 1. 699705262812
818182000000 13. 27152398 72660. 2939609214331, 8167174051805, 0631391117372, 129086056293
836364000000 13. 7404800435160. 3015350541431, 8660530642905, 1992020127862 677599644859
854545000000 14. 2287101139970, 3092302701301, 9173720473375, 336475178622 3. 046585289154
872727000000 14. 7406509689860. 3170476876241, 9686917910135, 4810576041943 537525384681
83030000000 15. 274042702560, 3249879847712, 023024427066 5. 6270440418114, 052075675652
909031000000 15. 3342723881130, 3330522131352, 0773879136395, 776343356917 4. 392085952871
927273000000 16. 4207641537030, 3412412317692, 1327938595345, 9206602883155 159662281858
945455000000 17. 0366950657500, 3495558996252, 1892654450345, 0865078860915 757167511861
963636000000 17. 6346942086170, 3579969854092, 2468106221805 2472078016106 387326933219
931818000000 18. 3678122621310, 3665656264462, 3064509723745, 4118802430267 053284241876
000000000000 19. 0395817276370, 3752626000002, 365201472391 6. 5806581464141 75871108823
018182000000 19. 6975173336420, 3840889620252, 4151260395705, 7536744478498, 341202680803
036364000000 20. 3423330658850. 3930454775342, 4657830978016 9310733071138, 961438510461
034545000000 21. 0289434226350, 4021330127352, 5171926607937 113003486631, 624368097670
072727000000 21. 7635443066130, 4113527280322, 5683545138267, 2996202798940, 337074786475
03030000000 22. 5340873862790, 4207054349172, 6222842848277 4910808541041 107274836479
109091000000 23. 4110093804180, 4301921806562, 6750932874997, 6BTI671433141. 946078436407
127273000000 24. 3485150896450, 4398136526932, 7304900071257 8892635264812, 868325012176
145455000000 25. 386603865971 0. 4435709858162, 7857871716273, 0963686151493, 94882439773
163636000000 26. 5546832051410, 4384650483402, 8418960947143, 3090915775705, 056390716485
181818000000 27. §9803045987610. 4634969231902, 8986295043083, 5276045435205, 399953415777
200000000000 23. 4303716308030, 4796674826662, 9566001283313, 7521547871678, 001968507438
218182000000 31. 4572307447420, 4899778110963, 0162192804325, 9828798963909, 992195863884
236364000000 34. 0136037349280, 5004286792383, 0746996887113, 2203273585631, 591511094131
254545000000 37. 4202585482000, 5110210615303, 1350540809133, 4644658742636, 063969954877
272727000000 40. 5394755724060, 5217561679983, 1862980134453, TIB6T40435619. 276235240061
290309000000 34. 4770917608300. 5326348736003, 2684442142303, 9742516797320, 837218753023
309091000000 25. 0368354399160, 5436381666993, 3215068254030, 2405141524071, 632885312894
327273000000 25. 1894961725490, 5548270381733, 385498574887 . 514708043972, 631400881730
345455000000 27. 6567908619020, 5661424804093, 450436433044, 7974638801765, 220761754708
363636000000 30. 2147281651280, 5776054743303, 5163359568241, 083023831887, 879527929842
381818000000 32. 6644937380180, 5892171512213, 583209873547 1. 3894047895790, 398387047642
400000000000 35. 0720176684330, 6009784981273, 651076568192 1. 6997053629121 855315893880
418182000000 37. 5165505780860. 6128906263343, 7189515971072, 0199964505195 338330150177
436364000000 40. 0661293253690, 6240544209123, 7893519303542, 3503715124267 920932824506
454545000000 42. 7816219481210, 6371708949273, 8607945399972, 692672192425 . 667510996206
AT2T27000000 45. 7228779625610, 6495412875993, 9327AT8093123. 0465853801543 640341157804
430309000000 48. 9542584088360, 6620664887104, 00BTT2951473. 4126446702796, 903586617819
509091000000 52. 5499675701530, 6747477371684, 0800542107083, T9173875780910. 38944456620
527273000000 56. 6000275929900, 6875360461454, 1553469407684, 1846185991454, 631676122512
545455000000 61. 2179107854360, 7005824346604, 2317738701064, 5920959528719, 298436832688
563636000000 66. 5511716998770, 7137377833364, 3093562119243, 0150089451064, 687916081111
581818000000 72. 7470846052710, 7210537315084, 3881137652135, 4545116674780, 998517214107
600000000000 80. 2266265805390, 7405309406024, 4680677431755, 9115289222948, 502374768076
618182000000 §9. 2236493288030, 7541706659374, 5482393690155, 3873269332197 584534050631
636364000000.00. 3438243731240, 7679740529994, 631652654362 6. 8832402031368, 807900279304
634545000000, 14. 436467588501 0. 7819419881554, 7163274282077, 4008038405
672727000000.32. 8994945806250, 7960759153604, 8002905506077, 901046881730
690309000000.57. 9357493817510, 8103769593344, 8865632347663, 341202580903
T09091000000.93. 5348182570590, 8248460481894, 4741709365288, 802579292016
T27273000000}47. 2705085676040, 8394845693245, 0631391117379, 27273780578
T45455000000132. 283998652388 0. 8542935770665, 1534046304509, T8TTTL464285
T63636000000159. 3326600596790, 8692739622025, 2452643627261, 3370747864
T81818000000:46. 7798655466950, 8844274431705, 3384751786220, B0BTTE035613
800000000000L36. 3749637885620, 8997550396815, 433156776623 1. 517286288908
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3. 028-029. 158-043. T5E-038. 82E-031. 67802
3. 145-020. 498-043. 908039, 178-031. T4E-02
3.278-020. 838-044. 04-039. 53E-031. 82602
3.408-021. 028-034. 198-039. 80E-031. 89802
3. B4E-021. 038-034. 348031, 03E-021. 97802
3. 678-021. 098-034. 508-031. 07E-022. 03802
3. 828-021. 138-034. 658-01. 118-022. 138-02
3. 068-021. 17E-034. 818-031. 15-022. 22802
4. 118-021. 208-034. 98E-031. 18-022. 308-02
4. 268-021. M8-035. 148-031. 238-022. 39502
4. 428-021. 288-035. 318-031. 21E-022. 495-02
4. 58021 328-035. 498031, 32022, 588-02
4. 14021 368-035. 668-031. 36E-022. 688-02
4.918-021. 408-035. 348-031. 418-022. T88-02
5. 088-021. 458-035. 028-031. 468-022. 89802
5. 278-021. 498-035. 218-031. S0E-022. 99802
5. 468-021. 638-035. 408-031. 55E-023. 10802
5. 648-021. 688-035. 59-031. 60E-023. 22602
5. 838-021. 626-035. T9-031. 65E-023. 33802
6.03-021. 678-036. 998-031. T1E-023. 468-02
6.238-021. T18-037. 198-031. TeE-023. 588-02
6. 48-021. 768-037. 398-031. 828-023. T18-02
6. 668-021. 818-037. 60B-031. 87E-023. 848-02
6.888-021. 868-037. 328-031. 936-023. 988-02
7. 10-021. 908-038. 038-031. B8E-024. 12602
7. 45-021. 958-038. 258-032. 0E-024. 27802
7. 58E-022. 008-038. 488-032. L1E-024 42602
7. 828-022. 038-038. T0B-032. 178-024 67802
8.088-022. 118-033. 45032, ME-024 73802
8. 34-022. 168-039. 178-032. 30024, $08-02
8.618-022. 218-039. 418-032. 37E-025. 078-02
8.88-022. 268-039. 658032, 44E-025. 268-02
9.178-022. 328-039. 908-032. B1E-025. 45-02
9. 4g8-022. 378-031. 018-022. B8E-025. 638-02
9. Te-022. 438-031. 04g-022. 66E-025. §28-02
1. 01E-012. 438-031. 078-022. 735-026. 03802
1.048-012. 54e-031. 098022, 81E-026. 24802
1.078-012. 608-031. 128-022. 8E-026. 46802
1. 11-012. 668-031. 158-022. 87E-026. 69802
1. 14E-012. 728-031. 178-023. 0E-026. 93802
1.188-012. T7e-031. 208-023. 13-027. 18802
1.228-012. 848-031. 238-023. 22-007. 44802
1.268-012. 908-031. 268-023. 30-027. 70802
1. 308-012. 965-031. 288-023. 388-027. 885-02
1. 348-013. 026-031. 328-023. 485-028. 27802
1. 388-013. 088-031. 358-023. 58E-025. 68802
1.438-013. 158-031. 388-023. 68E-025. 89802
1.478-013. 218-031. 418-023. 776-029. 23802
1.528-013. 288-031. 448-023. 88E-029. 67802
1.578-013, 348-031. 478-023. 88E-029. 94802
1. 628-013. 418-031. 50-024, 088-021. 038-01
1.688-013. 438-031. 348-024. 18E-021. 07E-01
1 T4E-013, B4E-031. 578-024. 308021, 11801
1.808-013. 618-031. 608-024. 428-021. 16801
1.868-013. 688-031. 648-024. 53E-021. 21801
1.938-013. 758-031. 678-024. 65E-021. 268-01
2.008-013. 828-031. TIE-024. T8E-021. 318-01
2.078-013. 908-031. T48-024. 80-021. 378-01
2. 158-013. 978-031. 788-025. 03-021. 438-01
2. 238014 ME-031. 328-025. 168-021. 498-01
2.328-014 118-031. 358-025. 30E-021. 568-01
2.418-014 198-031. 398025, 44&-021. 648-01
2.518-014 268-031. 938-025. B8E-021. T28-01
2.638-014 M8-031. 978-025. T3E-021. 818-01
2. ToE-014 428-032. 018025, 88E-021. 928-01
2888014 508-032. 058-026. 03022, 48-01
3.08-014 67e-032. 098-026. 18E-022. 18801
3. 268-014 638-032. 138-026. 358-022. 35801
3.488-014 736-032. 178-026. 52E-022. 68801
3.B1E-014 816-032. 228-026. 6E-022. 8TE-01
4.128-014 §98-032. 268-026. 87E-023. 168-01
3. 658-014. 988-032. 308027 0E-022. 66E-01
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5. 428-015. 936-032. 838-029. 488-024 13801
5. 818-016. 026-032. 898029, 75E-024. 43801
6. 245-0156. 128032, 948-021. 0E-01 4. 888-01
6.73-016. 218032, 988-021. 038-015. 45-01
7. 288-016. 308-033. 058-021. 06E-015. 86801
7. 968-016. 408-033. 108-021. 0E-016. 43801
8.72-0156. 498-033. 168-021. 138-017. 228-01
9. 65E-016. 598-033. 228-021. 168-018. 118-01
1. 08E+006. 698-033. 288-021. 188-019. 21501
1. 228+006. 798-033. 338-021. 238-011. 068+00
1. 41E+006. 898-033. 398-021. 278-011. 248-00
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1 478+001. 088-012. 348-022. 482-020. T4E-023. 22802
14984001, 088-012. 348-022. 488-020. 758-023. 268-02
1. 51E001. 098-012. 34022, 438-022. T78-023. 298-02
15384001, 098-012. 348-022. 498-020. 788-023. 338-02
1.558+001. 108-012. 348-022. 498-020. 798-023. 368-02
1.568+001. 118-012. 358022, 50E-022. 81E-023. 408-02
1. 588+001. 118-012. 358022, 50E-022. 82E-023. 448-02
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1.968+001. 288-012. 378-022. 638-023. 20E-024. 668-02
1.96E+001. 308-012. 378022, 638-023. 228-024. T6E-02
19824001, 318-012. 378022, 648-023. 25E-024. 868-02
2.008+001. 338-012. 388022, 658-023. 275-024. 97802
2.028+001. 45-012. 388-022. 668-023. 308-025. 09802
2.04g+001. 368-012. 388-022. 668-023. 338-025. 2182
2.058+001. 388-012. 388-022. 678-023. 358-025. 35802
2.07g=001. 395-012. 388022, 688-023. 388-025. 49802
2.098-001. 415-012. 388-022. 698-023. 415-025. 65802
2. 118001 438-012. 398-022. 698-023. 445-025. 82802
2.138+001. 468-012. 398-022. T08-023. 475-026. 02802
2.158+001. 488-012. 398-022. T1E-023. §08-026. 23802
2.168+001. §18-012. 398-022. T28-023. §38-026. 48802
2.188+001. §58-012. 398-022. T3g-023. §78-026. T7E-2
2. 208001, §98-012. 398-022. T48-023. 608-027. 12802
2.22+001. 638-012. 408-022. T48-023. 638-027. 57802
2. 24g+001. T08-012. 408-022. ThE-023. 678-028. 16802
2. 25+001. 788-012. 408-022. Th&-023. T15-028. 95802
2.278+001. 868-012. 408-022. TTE-023. T45-028. 67802
2. 298+001. T08-012. 408-022. T88-023. 788-028. 02802
2.318+001. 453-012. 408-022. 798-023. 878-025. 40802
2.338+001. 458-012. 418-022. 808-023. 863-025. 44802
2.358+001. §18-012. 418-022. 818-023. 818-026. 02802
2.368+001. 588-012. 418-022. 828-023. 958-026. 60802
2.388+001. 648-012. 418-022. 838-024. 008-027. 14802
2.408+001. T0-012. 418-022. 848-024. 045-027. 66E-02
2.428+001. T58-012. 418-022. 858-024. 098-028. 18602
2. 484001 818012, 428-022. 868-024. 148-028. T1E-02
2.458+001. §88-012. 428-022. 878-024. 198-028. 27802
2478001, 45-012. 428-022. 888-024. 258-028. B8E-(2
2.498-002. 028-012. 428-022. 898-024. 308-021. 0501
2.51+002. 108-012. 428-022. 908-024. 368-021. 13801
2.538+002. 198-012. 438-022. 918-024. 428-021. 21801
2.558+002. 298-012. 438-022. 928-024. 485-021. 30801
2.568-002. 408-012. 438-022. 45-024. §58-021. 41801
2.588+002. 548-012. 438-022. 958-024. 618-021. 54801
2.60+002. T08-012. 438-022. 968-024. 638-021. 69801
2.628+002. §95-012. 448-022. 978-024. T68-021. 87801
2.648+003. 128-012. 448-022. 988-024. §38-022. 10801
2.658+003. 428-012. 448-023. 008-024. 915-022. 38801
2.678+003. §08-012. 448-023. 018-025. 008-022. TEg-01
269004, 328-012. 448-023. 028-025. 098-023. 2601
2.718+005. 058-012. 458-023. 038-025. 188023, 98801
2.T3g+008. 148-012. 458-023. 068-025. 288-025. 0601
2.TaE=007. 858-012. 458-023. 068-025. 385-026. TEE-01
2.T68+001. 048-002. 458-023. 088-025. 495-028. 28801
2.788+001. 218-002. 458-023. 098-025. 618-021. 10800
2.808+001. 028-002. 468-023. 108-025. T45-028. 11E-01
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2138001, 908-013, 038-023, 448-024, 438-028. 076-02
2 168+001. 94-01 3. (45-023. 458-024. 488-028. 428-02
2. 168+001. 98-013. (48-023. 468-024. 538-028. 82802
2. 168+002. 048-013. 48-023. 478-024. 578-029. 318-02
2. 208+002. 118013, (45-023. 488024, 628-029. 936-02
2. 228+002. 188013, 45-023. 498-024. 668-021. 078-01
2. 48002, 318-013. 038-023. $18-024. T1B-021. 19801
2. 268+002. 488-013. 038-023. $28-024. T6B-021. 358-01
2. 2T5+002. 678-013. 038-023. 538-024. 818-021. 3801
2. 298002, 438-013. 038-023. 348024, 86B-021. 298-01
2. 318001, 858-013. 038-023. 558-024. 978-026. 98802
2. 338+001. T0-013. 06E-023. §78-024. 976-025. 438-02
2. 368+001. 778-013. 06E-023. §88-025. 038-026. 076-02
2. 368+001. 87-013. 06E-023. §98-025. 098-026. 968-02
2. 368+001. 968-013. 06E-023. 608-025. 158-027. 808-02
2.408+002. 058-013. 076-023. 628-025. 218-028. 588-02
2425002, 138-013. 078-023. 638-025. 288-020. 328-02

2,473, 088-054, 958003, 678-05 7. 428005, 498-059. 898-001. 168-042. 30304 436364000000 46. 8706120679870, 7941986374634 8310369676675, 9458043118603, 80175532863 145, 318-017. 208-033. 428-021. 138-013. 77301 2 448002, 218-013. 078-023. 648-025. 358-021. 018-01
2,493, 088-054. 988003, 698-05T. 476008, 878-053. 968-001. 258-042. 435-04 454545000000 30. 46215321 00700. 3097330386454, 9218620032835, 398569310407, 461936512571 2455, 708-017. 318-033. 488-021. 168-01 4. 12501 2458002, 308-013. 078-023. 668-023. 428-021. 088-01
2,513, 088-033. 028+003. T08-037. 38+005. 658-031. 00801 1. 348-042. 59504 ATITZT000000 34, 2875365548270, 3254637487745, 0140602442685, BETBTAT 118131, 349783361487 1475 T428-033. 558-021. 198-01 4. 49801 2. 478+002. 388-013. 038-023. 678-023. 488-021. 168-01
2.533. 088-035. 058003, 7 388003 1. 01801 1. 458-042. T08-04 480303000000 38. 4339368516030 3413916729235 107655726233 7. 3641964615415, 553980815338 B-(33. 61B-021. 238-014. 89801 2. 488+002. 488-013. 038-023. 698-023. 578-021. 238-01

2,553, 088093, 098-003, 38037, 648005, §18-031. 02B=01 . 37E-042. 83504
2,563, 088-055. 138003, T48-067. 698003 §08-051. 038+011. TOE-042. 86304
2,583, 088-055. 168003, T68-067. 752008, 008-051. 038+011. B6E-043. 153-04
2,603, 088-055. 208003, T88-067. 808008, 108-051. 048+012. 06E-043. 34304
2,623 108-055. 248003, 798-067. 858005 208-051. 05B+012. 27E-043. 56304
2.643. 108-055. 278003, 818-057. 918008, 318-051. 05801 2. 558-043. 87304

. H09031000000 63, 0058671289830, 3575181441725, 2026739070321, 8592121246661, 191234260566
S2TZ73000000 68. 1132206960430, 3738448522635, 2091388283858, 383885356306 5. 365121553085
545455000000 73. 8015868098120, 390372854337 5. 3970758460078, 928517232941 1. 226376567924
563636000000 80. 5533684508320, 9071037080385, 4965135442189, 4976361 10268 7. 961414768434
581818000000 88. 3195517304790, 9240387905085, 5974784930760 0396400496135, 817061165119
600000000000 97. 5280379543950 9411796360165, 6399990768330, 7073109600645, 130197421429

E-{33. 688-021. 268-015. 34301
TE-033. T5E-021. 30-015. 848-01
2.558. 218-017. 89E-033. 828-021. 34B-016.413-01
2.568. 918-018. 01-033. 898-021. 388-017. 07301
2.589. 738-018. 138-033. 968-021. 428-017. 83801
L.601. 078-008. 258-034. 036-021. 468-018. 74501

2. B1E+002. 598-013. 088-023, T08-023. 63B-021. 34801
2.538+002. T0-013. 088-023. T28-025. T38-021. 458-01
2. 558+002. 835-013. 098-023. 738-025. 818-021. 578-01
2. 568+002. 988-013. 098-023. T48-025. 908-021. T0B-01
2. 588+003. 188-013. 098-023. 768-026. 008-021. 868-01
2. 80+003. 348-013. 098-023. 788-028. 108-022. 038-01

2,853, 108-055. 318003, 828-05T. 968008, 428-051. 06801 2. 15044, 245-04 6181820000008, 8574510003630, 9585276446335 8041035798201, 352842882745 2.621. 198+008. 388-034. 108-021. 518-019. 85301 2. 628+003. 588-013. 108-023. 798-028. 208-022. 278-01
2,673, 108-055. 358003, 848-058. 028008, 548-051. 07801 3. 378-044. 713-04 6363640000022, 3966165983040, 976084086175, 909B217004622. 028426343626 2,641, 338+008. 508-034. 188-021. 568-011. 128:00 2. 648003, 878-013. 108-023. 818-028. 318-022. 55801
2,683, 118-033. 388+003. 868-038. 078008, 678-031. 08801 3. 998-045. 35304 G54545000000.39. 7969521660710, 9935502876815, 0171831372632, 736636711391 2.631. 318+008. 638-034. 258-021. B1E-01 1. 29800 2. 638+004. 248-013. 108-023. 878-026. 428-02. 918-01
2713, 118033, 428+003. 878-038. 138+008. B08-031. 08801 4. 878-048. 26304 GT2TZT000000.62. 5191230291211 0118281952726, 1262218313493, 427134039514 2671, T48+008. T58-034. 336-021. B68-01 1. 32800 2678004, 718-013. 108-023. 848028, 348-023. 37801

2,733, 118-093, 438+003, 898038, 188006, 958-031. 098018, 206-047. 60204
2,783 118-055. 498003, 918-068. 248007, 108-051. 108+018. 308-049. T13-04
2,763, 125-055. 535003, 938-068. 298-007. 268-051. 11B+011. 148-031. 26803
2,783, 125-055. 568003, 948-068. 358007, 448-051. 11B+011. 368-031. 50803
2,803, 128-055. 60003, 968-068. 408-007. 636-051. 128+011. 126-031. 27803

. 690909000000.93, 3469158532691, 0300188714046, 2368674812054, 144622830269
T03091000000237. 2267517815181 0484240825156, 494540279564, 636103723486
T2TZT3000000503. 2976458996871 0670449980995, 4637154121285, 385542559305
T45455000000L07. 9350103638451, 0858833128495, 5797869908608. 117605006545
T63636000000364. 4291632224051 1049404211226, 6977041176908 B9T9T8TT5T4
TBI818000000572. 6620671476531 1242179705656, 817504 769867, 733627354008
B00000000000382. 1119293661751, 1437174365915, 9392091667278, 633218342450

L6092 038+008. 888034, 416-021. T2E-011. 82800
2,712, 498009, 01E-034. 498-021. T7E-012. 26200
2.733. 158-00. 14-034. 578-021. B4B-012. 91200
2.754. 20800, 27-034. 658-021. B0E-013. 9500
2.765. 768-009. 408-034. T4B-021. 87E-015. 5100
2.785. §78-009. 53g-034. 828-020. 06E-016. 6100
2,803 838-009. 678-034. 916-022. 138-015. 56800

2. 69+005. 358-013. 118-023, 868-028. 678-023. 99801
2. T1E+006. 288013, 118023, §78-026. 808-024. 878-01
2.738+007. 60-013. 11-023. §98-026. 958-026. 208-01
2.768+009. 718-013. 118023, 918-027. 108-028. 308-01
2.768+001. 288003, 128-023. 938-027. 268-021. 148+00
2.788+001. 508003, 128-023. 48-027. 445-021. 358+00
2. 80+001. 278+003. 128-023. 968-027. 638-021. 12800
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8.3 APPENDIX C—Static displacement solving process
Casel

POTALS

Pecnchen 1 J}J‘.

D, 1 Ig

Flates 11

Btk 1 o

Lk t -

SOLMVER UNE TS

Length i -

My it

Vowren 1IN

Stress 1o

FRELOOM CASE 1 Freedos Cane 17
LOAD CAT N I "Lowd Canm AT
NEOMALL  Carae 1 Sparae

THORET NG ML THOO

TERMTION TVIPE i Direst
NS R OF  LOUAT TOMS )
MATRIX & ILL-EIN | FraN
K] MATHIX NEN 1 12.0 v
CATTEMAAE AN KN O 1 &
FREE SERATOM SAct P By an

BAMMAT TN O :ov\uo l(m Ovawsel “Lond Case 17)

l Ay -y

e, R AN 1S ,. w &&E 4 l? ll- > ), AROASE - 14 0.5;3.]1‘0)
Flates <3, 301 Mmoot 3 -1, 3. B B 701800
Totat -’.%o -’ wl ').« 1 3. 30 =7.30%8 u
Vector <3, 2 0. 025804 - 1 5. 380 3098018 00
SEMMAAY ION OF MOMENTS OF ASTLIED LOADS ADCUY ThE osicIn (Load Vector)

1. 00004 +O0 -7 035800 2015 -0
oducing LE75) Coguatiomm (Ustng 12,1 Mo B Lo
MANEIMUM TVOY 3 ;. fmrtolo Node GLS ";
MENDMA PTVOY 3 SOGA IS AOL (nosde SBA
Renulits for | Load Cane. ..
PASEMLM DS ACK M N MAGNT TS S

Cane L *!v onr " "y L34 Pave
1 6. OT0UM 00 5 LATGAM JO0 1 GOANME 00 A ATISTE02 3 ACRRN 02 L 912040 -0 "Load Case 1T

FOVAL €U T 0,050 Seconsis

* 50 Tt Lo r_-h‘lﬂi o n/oonon ar 001827
FROTMT 0N T

Shasteer of 8
Thaaniaer of warvings |
Trstier of © o

Case?2

TOTALN

Mo : 2386

Lo : S70

Plates [ b

Bricks H

Links g ’a

SOLVER UNITS

Length i

Mass ir

Force I N

Streas 1 MPa

FRLLDOM CANE t Freedon Case 1Y

LOAD CASES : Troad Cake 17
: Sparae

SORTENG ME THOO ToAD

MOLUTION TV | Direct

MNUMILE R OF  KOUAT IONS

MATHEX ¢ ILEL -IN 77 -.x

gmmx S1% : IZ 1 Mo

RAM SFE O D g
FRLL NOMATEM SACT I 6) ut

MAMMATION (F AP TED LOADS (vweel TLoad Case l")
L FY rz

X My NZ
Bowm -1 ~20 -4.060086+03 0. 000008 6.821216-11 4. 008/26-29 9.447656-12
Flates  0.00000 +00 -9, 7617 1«04 O, D000 .m 0, 000008 +00 O, 000NN +O0 0, OO000K +00
Total 1. 29 ~9. o.cm:& 6.82}21:;&3 4.‘%’3&-2‘) D.44765 12
Voctor -1 059086-29 -0.311040«04 0. 00000 0.52710 03 1.099126-11 5,657 36405

SANMATION OF MOMINTS OF AFYLIED LOADS ABOUT THE OIGIN [(Load vector]
G5O 00 2. 430106 20 -2, 140124 4 ON
Roeducing 13676 Egquations (Using 12.1 MD RAN) . ..

e { LQMIRER Gk 48

mesuls for 1 Lomt Case, .
MANIMUM  DESPLACEMENT MAGNITUDE S
cage % V¥t S5, nx v b Notwe
S.54%10.01  6.281A20400 9. 810040 01 4.45545C.02 5.661450.03 118425002 “Load Cease 1T
Ollﬂ.(‘l SIMMATION OF NODE MG ACTION FOscE S

Cane My e Narse
p ~2. 005406 -05 9. 6067806 +04 -5, 819‘5: 10 -4, 5/&!‘-“ “O. 22084607 1572086006 “"Load Cane 17
TOTAL CFrU TINMC t 0,703 Secorwls

*solution ct-plot«i on 11/06/702? ar 00:20:5%3
*molution Cime: 1

SIRMPANCY OF ME SSACE

5
28
i
i
E
ZZ'
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Case3

TOTALS
Noxles
Bean
Plates

Bricks
Links

SOLVER UNITS
Lengrh

Maxe

Force

Stress

FREEDOM CASE
LOWD CASE S

STORACE SCHENE
ST ING ML THOO
SOLUTION YV

NUMBER OF COUATIONS

MATHIX FILL-IN
%] MATRIX SIZ%

FREL SCIATCH SIPACK

SUMMATION OF APFLILD

.

LoADs (N-m:-

Mt
“Freodom Caxe 1
"Load Case 1

“Load Case 17
‘s

Fx M MY “r
=1, SOOROE - 24 oeoeau: 0.000006 +00 6. 82121613 4 . 908/ 2620 9.44765%-12
Plates 0. 00000C -') 26!73C000 0.000006+00  0.000006+00 0.00000c4+00 0. -
Joral 1. 309800 - 66 B0C404 0,.000000400 G6.82121c-13 4.90872¢-29 9.44765cC-12
Vector -1, 90044€ -29 S1IGAE4DA 0.000006 400 9, 82355403 1, 099126-11 -5, 057 MME40%
SUMMATION OF MOMENTS OF APPLICD LOADS A‘D‘O'JY e OIGIN [Load vector]

X0 MYo
2.229736-07  S.810116-26 -2,140126+08
Reduc ing 130806 coguations (Using 11,9 me waa), |

MANTMULM PIVOT
MINIMUM PIVOT

Results for 1 Load Case. ..

9. 904257511
3.8231160.01

Node 430 RY,
Node 588 D

MAXTIMUM DISIMLACEMENT MACNT TUOCS

Case
1 6.8

-O1

oY 0z
5.0264364+00 B.279586-01

e "y " e
3. 2887 % -02 5.745066-03 9.131986-03 “Load Caxeo 1"

oxeLcr suouuon OF  NOOC u/ur.rmn yomoes

Cane

1 -1. %801‘ s 0. 66’8&4)1 6. 50?6& 11 -3, 57963‘»06 8. 821.1“»01 2. 3882u~m

TOTAL CPO TINE

S
“Load Case 1
0,781 Seconds

*solution c.clm'lcled on lBM/?OZZ at 00:23:52

fRoTurion Time!

frumier of warnings

*Numt>ar of Errors
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