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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. 
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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 Chongqing, 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). 
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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. 
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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. 
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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 CFS in 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).On 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. 
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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). 
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Figure 5. Cross-section geometries of specimens. 

(a) 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 
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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. 

 

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 
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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. 

 

 

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. 
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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). 

 

Figure 9. ISO acceleration limits (ISO 1989). 

 

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). 

 



6002ENG – Industry Affiliates Program , Trimester 1, 2022 

20 Footfall Analysis of Residential Floor  

Beams Using CFS C-Shaped Built-Up Sections 

 

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 14. Flooring test devices (Xu, 2011). 

 

Figure 15. Top view and cross section of laboratory floor slab (Davis et al., 2008). 

2.3.4 In situ 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. 

 

 

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. 

 

 

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. 

 

 

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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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 45°between 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). 

 



6002ENG – Industry Affiliates Program , Trimester 1, 2022 

32 Footfall Analysis of Residential Floor  

Beams Using CFS C-Shaped Built-Up Sections 

Figure 22. Front view of the floor ( Case 1: No Composite Action). 

 

Figure 23. Front view of the floor ( Case 2: Partial Composite Action). 

 

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 I-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. 
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Figure 25. Beam sections and dimensions. 

 

Figure 26. Dimensions and properties of Chord. 

 

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. 

 

 

Figure 30. Number of elements. 
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Figure 31. Floor centre displacement for different element models. 

 

 

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. 

 

 

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. 

 

 

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 Ah,Peak. 


Harmonics

Peakh,A=Sumon AcceleratiLinear                 (1) 

=
Harmonics

RMShAelerationotalRMSAcc
2

,T                         
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(2)  

2

,

,

Peakh

RMSh

A
A =                              (3) 

 

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*103mm/s2, 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. 
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The following is the response factor equation: 

1

a

=

=
R

vertical

a
R                                                                 (5) 

And aR=1=Rbase.. 

 

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

response factor. 

2

4

2

3

2

2

2

1total RRRRR +++=                                   (6) 

 



6002ENG – Industry Affiliates Program , Trimester 1, 2022 

Xueting Weng 45 

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 factor of 1.58*105. 

 

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*10-1 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/s2, a 

maximum response factor of 5.46*102, and a maximum displacement of 1.1*10-3 mm. 

 

 

Figure 43. Peak Acceleration (Case 2). 
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Figure 44. Response Factor (Case 2). 

 

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/s2, 

a maximum response factor of 6.72*102, and a maximum displacement of 1.35*10-3 mm. 
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Figure 46. Peak Acceleration (Case 3). 

 

 

Figure 47. Response Factor (Case 3). 
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Figure 48. Peak Displacement (Case 3). 

 

 Natural frequency 
Peak 

Acceleration 
 Response Factor 

 Peak 

Displacement 

Case 1 7.64 Hz 1.12*103 mm/s2 1.58*105 4.86*10-1 mm 

Case 2 11.13 Hz 5.37 mm/s2 5.46*102 1.1*10-3 mm 

Case 3 11.13 Hz 6.61 mm/s2 6.72*102 1.35*10-3 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. 

 

 

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 Case1 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. 
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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 

Case1 

 

Case2 
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Case3 
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8.2 APPENDIX B—Harmonic response solving process 

Case1 
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Case2 
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Case3 
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8.3 APPENDIX C—Static displacement solving process 

Case1 

 

Case2 

 

 

 



6002ENG – Industry Affiliates Program , Trimester 1, 2022 

68 Footfall Analysis of Residential Floor  

Beams Using CFS C-Shaped Built-Up Sections 

Case3 

 

 




