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Steel framed structures are commonly criticised for tending to have problems with the
vibration of floors. In response to this criticism, the steel industry has sought to develop
an objective measurement system for assessing the susceptibility of a floor to adverse
comment from users. This work has been conducted as part of the HIVOSS! RFCS
project, then updated and published as part of SCI publication P354 Design of Floors for
Vibration: A New Approach?. Structures designed to P354 have not been reported to
have vibration problems, so the assessment method can be considered a success.

While conventional strength steel (CSS) floors are perceived to have issues with
vibration the perception is even more acute when high strength steel (HSS) or beams
with hybrid sections are considered. While the lower weight for a given span is
economically favourable, HSS and hybrid floors are intuitively unfavourable for vibration
performance.

Although it may be true that floors utilising HSS may be more susceptible to vibration
than equivalent solutions in CSS, previous experience and knowledge have shown that
the response as a whole is not particularly sensitive to the selection of beams. It could
therefore be expected that the difference between an equivalent HSS and CSS floor is
either small or negligible.

There are two key issues that will be addressed in this project: (1) lack of availability of
analysis tools and (2) a perception that the vibration response of HSS floors is worse
than that of CSS floors.

To address issue (1), a floor vibration analysis (FVA) tool based on finite element
methods has been developed in Task 4.2 for calculating the dynamic performance of a
given floor design in terms of a response factor (the ratio of the predicted acceleration
divided by a baseline value). This tool is reported in D4.2 and D4.3. The user can input
information about the floor grid, loading etc. via a simple interface. The beam section
sizes can be either user-defined or the FVA tool can determine primary and secondary
beam sizes with lowest weight using the optimisation tool developed in Task 4.1 of WP4.

The FVA tool then calculates the critical response factor for the floor system by
performing an eigenvalue analysis followed by a footfall analysis. The mode shapes,
frequencies and modal masses for the floor are obtained and used to calculate the
acceleration of the floor in response to footfall. In accordance with the assessment
method in SCI P354, the steady state response factor is determined from the weighted
root mean square (rms) acceleration and the transient state response factor from the
weighted peak acceleration. The critical response factors are compared against
regulatory limits in 1ISO 101373,

In this task, the calculation engine (Reported in D4.2) of the FVA was used in a
comparative study to address issue (2) mentioned above. The dynamic response of more
than 10,000 different floor designs were analysed for HSS and hybrid floor systems and
in this report the results are compared against functionally equivalent designs in CSS.
The sensitivity of response factors to various key parameters (fundamental frequency,
bay arrangement, length, loading and slab thickness etc.) are compared for CSS, HSS
and hybrid floor systems.
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This report firstly presents a brief introduction to the floor vibration analysis methods in
accordance with design guide SCI P3542 which is used by the FVA tool. This is followed
by definition of the scope of key design parameters and then sensitivity and comparative
studies to investigate the dynamic response of HSS, hybrid and CSS (S355) floor
systems.

The sensitivity study reveals that the dynamic response of different floor systems (in
terms of steel strength) demonstrate similar sensitivity to various key parameters
included in the study. The results can be used to optimise the design of floor systems
with respect to dynamic response.

The comparative study shows that HSS and hybrid floors are not necessarily always
more susceptible to vibration than equivalent CSS solutions, and the difference between
them is relatively small for most of the cases. It was shown that the dynamic response
as a whole is not particularly sensitive to the stiffness and mass of the beams (hence to
the steel strength), it is more sensitive to the slab depth and the span of the primary and
secondary beams. No special consideration is needed for specifying higher strength or
hybrid steel beams with respect to vibration response.
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The dynamic performance can be established through finite element modelling of the
floor system. The finite element method is an approximation: it takes a continuous
structure and breaks each part of the structure into a number of smaller parts, also known
as a finite number of elements. The relationships between these elements are then
determined using methods for multi-degree-of-freedom discrete systems. The accuracy
of the solution is primarily dependant on the number of elements that the system is
broken into, but with increased accuracy comes increased complexity and hence higher
computation times.

The finite element method for floor vibration analysis presented in this section is used by
the FVA tool, which is used in the current comparative study.

The following are some recommendations for modelling techniques and assumptions for
the FE model. Any improvements will lead to a greater accuracy in predicting the
vibration response of floors:

e The dynamic modulus of elasticity of concrete should be taken, for normal concrete,
as equal to Ec = 38 kN/mm?

¢ Shell elements are recommended to represent the floor slab.

¢ All connections should be assumed to be rigid (in vibration the strains are not large
enough to overcome friction and so nominally pinned joints may be treated as fixed).

e Column sections should be provided and pinned at their theoretical inflexion points
(located at mid-height between floors for multi-storey construction).

¢ Continuous cladding provided around facades may be assumed to provide full vertical
restraint for perimeter beams. The edge of buildings should normally modelled as
pinned.

e The interface at cores should be modelled as fully restrained.

e The mass of the floor should be equivalent to the self-weight and other permanent
loads, plus a proportion of the imposed loads which might be reasonably expected to
be permanent.

One of the most difficult properties to estimate is the level of damping that is present in
the floor, due to the fact that it is strongly influenced by finishes and non-structural
components. Recommended values of damping are given in Table 2.1.

Table 2.1 Critical damping ratios for various floor types

4 Floor finishes
0.5% Fully welded steel structures, e.g. staircases
1.1% Completely bare floors or floors where only a small amount of furnishings
e are present.
3.0% Fully fitted out and furnished floors in normal use.
A floor where the designer is confident that partitions will be
4.5% appropriately located to interrupt the relevant mode(s) of vibration (i.e.
. o

the partition lines are perpendicular to the main vibrating elements of the
critical mode shape).
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Another important issue for properly modelling the floor structure is the offset of the
beams from the slab to achieve composite action. SCI P354 section 6.1.2 provides two
alternative ways to model the beams, with or without offset. The first option, with offset,
was chosen for the modelling of the floor system for the FVA tool.

hcl% Ec f‘ i\ /5;\ /j hcl% Ee T 7 B T

Figure 2.1  Slab and beam modelling for finite element analysis

Figure 2.1 shows the modelling option adopted. The model uses orthotropic shell
elements of a depth h¢ with elastic modulus E. transverse to the ribs of the slab and Ec
parallel to the span of the ribs, with:

121, (2.1)

h:

cx — Hc

where:

Icx is the second moment of area of the profiled slab per metre width in the
spanning direction

h. is the depth of concrete above the profile
E, is the dynamic elastic modulus of concrete E,. = 38 kN/mm? as defined
previously

This option also uses a beam element with the same properties and the same offset as
the design. As the slab is modelled using uniform thickness of he, the offset, hs, is:

hs=h+hg—2zy4— 76 (2.2)
where:
h is the depth of the slab (including ribs)
hg is the depth of the steel beam

Zeq IS the height of the neutral axis of the steel beam

h, is the depth of concrete above the profile

Given that a doubly symmetric beam is used, the offset of the beam would simply be half
of the total depth of concrete slab and beam.

There are no specific rules for the size of the element (mesh). In general, if the number
of elements can be doubled without significantly changing the frequencies then there are
sufficient elements. The size of element was determined to be 0.8 m for the FE model
used in the FVA tool. Figure 2.2 shows the FE models created using ANSYS (as used
for the SCI vibration consultancy service) and Calculix (open-source FE package used
in this work).
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(&) ANSYS model (b) CalculiX model (FVA tool)

Figure 2.2  Example of a meshed 2x4 floor finite element model

The general purpose proprietary finite element software ANSYS is used for modelling
the floors in the SCI floor vibration analysis service. For the FVA tool developed in
STROBE, the open-source and free FE software CalculiX is used instead. Modal
analysis is performed to determine the modal properties, such as frequencies, modal
masses and mode shape amplitudes.

The mode shape amplitudes can be ‘unity normalised’ (against peak value of the
amplitude) or ‘mass normalised’ (against the modal mass of each mode) in ANSYS.
CalculiX only produces mass normalised mode shape amplitudes. It will be shown later
that this does not affect the calculation of the floor response.

For the steady-state case, the first four harmonic components from a person engaged in
walking activity are considered to represent the forcing function applied to the floor (other
specialist forcing functions will be included and used in this task). The appropriate design
values of the Fourier coefficients for these harmonic components are obtained from
Table 2.2:
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Table 2.2 Design Fourier coefficients for walking activities

1 1.8to0 2.2 0.436(hfp — 0.95) 0
2 3.6t04.4 0.006(hfp + 12.3) -1/2
3 5.4 10 6.6 0.007(hfp + 5.2) T
4 7.2t08.8 0.007(hfp + 2.0) /2

Square root sum of squares (SRSS) is the method used to determine the maximum rms
acceleration response a,, s atapointon the floor area subject to an excitation force
Fn (often applied at the same point), and it gives the same results as a full time history.

2

H N
1 Fy
Aw,rms,er = ﬁ Z (Z (#e,nﬂr,n M_Dn,hWh)> (2.3)
n

h=1 \n=1
where:
Uen IS the mode shape amplitude, from the unity or mass normalised FE output,

at the point on the floor where the excitation force Fn is applied

Urn is the mode shape amplitude, from the unity or mass normalised FE output,
at the point where the response is to be calculated

Fy, is the excitation force for the h" harmonic for the Fourier coefficients for
walking, where F, = a;,Q (N)

M, is the modal mass of mode n (kg), when the mode shape amplitude is mass
normalised M, = 1 kg

D, isthe dynamic magnification factor for acceleration
wy, is the appropriate code-defined weighting factor for human perception

The dynamic magnification factor for acceleration, which is the ratio of the peak
amplitude to the static amplitude, is given by the following:

D - B? (2.4)
M= B + (246,
where:
h is the number of the ht" harmonic

Bn is the frequency ratio (taken as f,/f,)
¢ is the damping ratio

fo is the frequency corresponding to the first harmonic of the activity (f, = 2.2 Hz
is used in the current analysis)
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fn is the frequency of the mode under consideration

The aim of vibration analysis is to assess performance with a view to removing or
reducing discomfort. The perception of vibration depends on the frequency. This is
because the human body’s sensitivity to a given amplitude of vibration changes with the
frequency of the vibration, as the body has a variable range of maximum sensitivity. The
variation of sensitivity can be taken into account either by attenuating the calculated
response (for frequencies where perception is less sensitive) or by enhancing the base
value. The degree to which acceleration is attenuated or enhanced is referred to as
“frequency weighting”.

The most typical case (curve W), for vertical vibrations on residential and office building
floors, is presented in Figure 2.3 and, for steady state response, the frequency of the
harmonic under consideration is hf,,.

—_ 1’

o

O

R

(@]

=

<

(@]

ko)

=

011 10 100

Frequency (Hz)
Wy, Weighting

Figure 2.3 W frequency weighting curve (BS 6841%) for z-axis vibration
(room types: residential, office, wards, general laboratories, consultation
rooms)

The curve presented in Figure 2.3 can also be approximated as a combination of straight
lines, as given by below:

W =04 for1Hz<f<2Hz
=§ for2 Hz<f<5Hz
(2.5)
W =1.0 for5Hz<f<16Hz
=$ forf>16 Hz

For the transient response, an effective impulse is calculated for each footfall of a person
engaged in a walking activity; it relates to heel impacts. This force is given by the
following formula.
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fp1.43 i (26)

Fy =60
! 13 700

where

fp is the pace frequency
fa is the frequency of the model under consideration and

Q is the static force exerted by an “average person” (normally taken as 76 kg
x 9.81 m/s? = 746 N)

The peak acceleration can be calculated as:

— Fy
aw,peak,e,r,n = ann 1- (2 Aue,n Hrn M_Wn (27)
n

where

Uen IS the mode shape amplitude, from the unity or mass normalised FE output,
at the point on the floor where the impulse force F; is applied

Urn is the mode shape amplitude, from the unity or mass normalised FE outpult,
at the point where the response is to be calculated

F; is the excitation force given in Equation (2.6)

M, is the modal mass of mode n (equal to 1 if the mode shapes are mass
normalised) (kg)

W, is the appropriate code-defined weighting factor for human perception
determined using the weighting curve presented in Figure 2.3, for residential
and office building, and the frequency of the mode under consideration f,

This force is applied dynamically with a small time step fromt=0tot=T (= 1/fy) and a
time-history analysis is implemented. The acceleration—time function is given by
summing the contribution of each mode n as shown in the following equation.

N

aw,e,r(t) = Z Aw.ern @) = aw,peak,e,r,nsm(znfn\/ 1-23%t)- e~ ¢t (2.8)
n=1
where:
t is the time in seconds from the application of the impulse

The root-mean-square (rms) acceleration for transient response needs to be found from
the peak acceleration above using the formula shown below:

T

S
ams = |7 [ atr?ae = ;;as(m (2.9)

0

For an average walking frequency of f, = 2 Hz the periodis T = 1/f, = 0.5 sec.

According to Section 6.3.3 of SCI P3542, it is recommended that all modes with natural
frequencies up to twice the frequency of the first mode should be taken into account. All
modes with a frequency higher than that will have an insignificant impact on the result
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due to their low weighting factor and hence, can be ignored. However, the first 50 modes
were considered in the present study.

2.5 Response factor

The “response factor” of a floor is the ratio between the calculated weighted rms
acceleration, from either the steady-state or transient methods, and the “base value”
given in BS 6472° as 0.005 m/s? for vertical vibration in the frequency range of interest
for the analysis. The response factor is therefore given by:

_ Aw,rms
k= %005 (2.10)

2.6  Acceptance criteria

The vibration response is considered to be satisfactory for continuous vibration when the
calculated response does not exceed a limiting value appropriate for the environment
(which is expressed in BS 64725 and 1SO 10137% as a multiplying factor). Table 2.3
provides multiplying factors to the base curves for continuous vibrations, which
correspond to a “low probability of adverse comment”.

Table 2.3 Multiplying factors specified in BS 6472 for “low probability of adverse
comment”

Residential Day 2to4 60 to 90
Night 1.4 20

Office Day 4 128
Night 4 128

Workshops Day 8 128
Night 8 128

In practice, these multiplying factors are used as limiting values of the calculated
response factors.

In 1989, SCI proposed a series of multiplying factors that, in some environments, are
larger than those presented in Table 2.3. These supplementary values are presented in
Table 2.4, and may be used for design.

Table 2.4 Recommended multiplying factors based on single person excitation

Office 8
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Shopping mall 4
Dealing floor 4
Stairs — Light use (e.g. offices) 32

Stairs — Heavy use (e.g. public buildings,

stadia) 2

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\pd\STROBE D4-4 Comparative study of dynamic response of HSS floors.docx

13



/=§/=/ﬁ
. . scli
D4.4 Comparative study of the dynamic response of HSS and CSS floors  sceel Knowledge

In order to give a comprehensive comparison between the HSS, hybrid and CSS floor
systems a large number of cases were considered. These cases were selected to reflect
the kinds of design typically specified in steel framed buildings. This section describes
the assumptions underlying the selection of these cases. Composite and hon-composite
floor beams of the same configuration were both analysed in the comparative study.

It is important that the distributed mass used in vibration analysis is representative of the
mass that will be present in service, as a higher mass will reduce the response of a floor
at a given frequency. In design, SCI P354 recommends that the mass per unit area
should be taken as the unfactored self-weight of the structure including superimposed
dead loads such as the weight of ceilings and services (unless the analysis is being
conducted for a bare-steel structure, in which case all superimposed dead loads should
be ignored). In addition, where the designer can be confident that such loading will be
guaranteed to exist in the finished structure, an additional allowance may be included for
semi-permanent loads.

Imposed loads may be ignored completely as a conservative scenario. In this present
study and the FVA tool, 10% of the nominal imposed load is included in the vibration
analysis as recommended by SCI P354.

The dead load, g, was comprised of the self-weight of the composite slab and the steel
beams, gsw, and a superimposed load for partition equal to 0.8 kN/m?, as defined in EN
1991-1-17. For the imposed load, two cases were selected, a minimum of 2.5 kN/m2 and
a maximum of 5.0 kN/m?, as commonly used for office design. 10% of the unfactored
imposed load was taken into account in the analysis; as mentioned, above this
percentage represents the amount of imposed loads that is considered to be permanent
and it is a conservative assumption, since human perception of vibration increases with
lightly finished floors. The two loading cases were selected to demonstrate the variability
that is caused by different loads.

Table 3.1 Floor loading cases

Minimum loading Gsw + 0.8 25 gsw+08+25 Gsw + 1.05

Maximum loading gsw + 0.8 5.0 gsw+ 0.8 +5.0 gsw+ 1.3

Note: gsw = self-weight of the structure (composite + steel beams)

The self-weight of the structure gswis automatically considered (in terms of mass) in the
vibration analysis once the density of the concrete and steel material are defined. The
factored floor loading of 1.05 and 1.3 kN/m? were added to the floor slab as non-structural
distributed mass.
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Three commonly used decking profiles were selected with various thicknesses as shown
in the following table. Typical slab depths are also considered. Sheet thickness was
selected by spanning capacity to satisfy the construction stage checks but it is not one
of the parameters investigated in the study.

Table 3.2 Decking profiles (from TATA steel®)

Comflor 51+ Re-entrant 0.9;1.0; 1.2 51 L0, ML Ty it

160; 200
. A A 120; 130; 140; 150;

Comflor 60 Trapezoidal 0.9;1.0;1.2 60 160- 200
Comflor 80 Trapezoidal 0.9;1.0; 1.2 80 AT 1 11205 [0

160; 200

Normal weight concrete C30/37 was selected for the design, with a dynamic Young’s
modulus, Eq, of 38 kN/mm?, as found in SCI P354, Section 4.3.12. and CCIP-016°. The
dynamic Young’s modulus is slightly higher than the static one, as concrete is stiffer at
small strains and for very short-term loading.

Table 3.3 Material properties of concrete

C30/37 Normal weight 38 32.8

The beams were designed using an iterative procedure. Once the slab depth was
selected, based on the applied load, each section in the available range was checked
using a spreadsheet version of the BCSA composite beam checking tool°. The
spreadsheet was also adapted to design the composite high strength steel beams (in
S460 and S690). The dynamic link library (DLL) of the beam optimisation tool developed
in Task 4.1'* was used to select the lowest weight beams for non-composite floors.
(Default design inputs of the optimisation tool were used except the load is applied to the
top of the flange.)

According to EN 1994-1-1'2, depending on the position of the plastic neutral axis, the
design resistant moment of the composite cross-section should be reduced by up to 15%
when high strength steel beams are used. No reduction was made in this current study
for the composite beams using high strength steel, as their unity factors for moment
resistance are less than 0.6 — 0.8, which renders the 15% reduction irrelevant.

The minimum weight hot-rolled beams that result when all unity factors are less than 1.0
were selected. Checks were made for strength, deflection and steel beam frequency, at
the construction and final stages.

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\pdi\STROBE D4-4 Comparative study of dynamic response of HSS floors.docx

15



o=

D4.4 Comparative study of the dynamic response of HSS and CSS floors  sceel Knowledge

Based on the above design criteria, fabricated hybrid beams with lowest weight were
also included in the study for non-composite beams (using the beam optimisation engine
developed in Task 4.1). Two types of hybrid sections are considered: (1) S355 steel for
web and S460 steel for flange (designated as HY34), and (2) S355 steel for web plate
and S690 steel for flange (designated as HY36).

It should be noted that the optimised fabricated hybrid sections might not be the most
efficient solutions due to the pre-defined geometric constraints on the plate width and
thickness. Nonetheless, considerable steel weight savings can be achieved as shown in
the following sections.

Decking spans were assumed perpendicular to the secondary beam spans. Downstand
UBs in S355 (for CSS floor), S460 and S690 (for HSS floor) and hybrid girders were
considered. Section properties and member capacities of the CSS and HSS beams are
based on the ArcelorMittal Orange Book3. The stiffness of steel sections for dynamic
analysis is the same as the static value. Hot-rolled S690 beams are not available but in
the current study it is assumed that hot-rolled UBs are available in grade S690
(alternatively assuming S690 beams are fabricated to same sizing as UBs) for facilitating
the comparison between CSS and HSS steel beams.

The secondary beam spans covered a range that is typically used for steel structures;
6.0 m to 15.0 m. All lengths of the secondary beams are presented in Table 3.4.

Table 3.4 Length of secondary beams

6.00
7.50
9.00
12.00
15.00

Secondary beams are usually located at either mid-span or at third-points of the primary
beams. Both situations were investigated, with fixed values for the spacing between the
secondary beams from 2.4 m to 3.6 m. These values led to the primary beam lengths
listed in Table 3.5.

Table 3.5 Length of primary beams

2.40 4.80 7.20
3.00 6.00 9.00
3.25 6.50 9.75
3.60 7.20 10.80
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A variety of bays arrangements was selected. The maximum number of bays in each
direction was 8. The complete range of bays is listed below in the form ny x ny, where ny
is the number of bays in the direction of the primary beams and ny in the direction of the
secondary beams.

1x1;1x2;1x4;1x%x6;1x8;
2x1;2%x2:2%x4,2%x6;2Xx%8;
4x1:4%x2:4%x4;,4%x6;4x%x8;

6 x6;8x8.

Damping ratio has an important impact on the response. A damping ratio of 3.0% for fully
fitted out and furnished floors in normal use was used in the current study.

According to SCI P354, as the different harmonic components of the loading function
can cause resonance with one of the natural frequencies of the floor, a vibration
assessment should be carried out to cover the range of different paces of walking.
Measurements have indicated that pace frequencies are between 1.5 Hz and 2.5 Hz, but
for design purpose a much narrower range, is used (1.8 Hz to 2.2 Hz). However, the
pace frequency is fixed at 2.2 Hz in the comparative study for direct comparison between
HSS and CSS floors.
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Geometry and design of the study cases were presented in the previous chapter, for
each case the functionally equivalent HSS, hybrid and CSS floor systems were defined
by using floor beam design tools for composite and non-composite floors as discussed
in Section 3.3. By comparing the steel beam sections between equivalent HSS and CSS
floor systems, the effect of increasing the steel strength on the beam sections can be
studied, and this is shown in Table 4.1 for a composite floor and Table 4.2 for a non-
composite floor. Non-composite floors using fabricated hybrid beams are also included
in this study. The hybrid sections use S355 steel for the web and S460 or S690 for the
flange.

Increasing the steel strength from S355 to S460 resulted in lighter primary beams in
more than 80% of the cases of composite floors while all of the secondary beams were
unaffected. Increasing the steel strength from S355 to S690 resulted in lighter primary
beams in around 90% of cases and only a small number of secondary beams were
affected.

The effect of increasing the steel strength on beam section size/weight in non-composite
floor systems is similar to that in the composite floor systems. None of the secondary
beam in the non-composite floor was affected by the steel grade.

Table 4.1 Effect of increasing the steel strength on the beam section in composite

floor
S355 to S460 S355 to S690
Primary Secondary | Primary Secondary
% of cases with beam beam beam beam
lighter beam section 84% 0% 92% 2%

Table 4.2 Effect of increasing the steel strength on the beam section in non-
composite floor

S355 to S460 S355 to S690

Primary Secondary | Primary Secondary
% of cases with beam beam beam beam
lighter beam section 84% 0% 88% 0%

The weight saving of the primary beams are presented in Figure 4.1. Among all the cases
examined, 10 to 30 % of weight saving can be realised by increasing the steel strength
for most of the composite and non-composite beams. A maximum weight saving of 41%
can be achieved when the strength is increased from S355 to S690 for a composite
beam.

The y-axis of the relative histogram (percentage) shown in Figure 4.1 ( and also for all
other relative histograms presented in this report) shows the number of cases that fall in
each of the intervals (bars) divided by the number of all cases analysed in the study.

There is a very weak dependency of the weight saving on the floor design parameters
presented in Section 3. The most obvious parameter is the floor load; as expected,
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beams under higher load will usually benefit from more weight saving when higher
strength steel is used.

N 5355 to 5460
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Figure 4.1  Histogram of beam (primary) weight saving due to increasing the
steel strength

The optimisation tool developed in Task 4.1 offers greater flexibility in the design of
hybrid sections. Using hybrid sections results in weight savings in more than 99% of both
primary and secondary beams. In contrast, using hot-rolled HSS UBs the secondary
beams are not affected by the steel upgrade at all. Figure 4.2 shows the total beam
weight savings for all cases using hybrid beams.

20.0%
5355 to HY34
5355 to HY36

15.0% ~

10.0%

Percentage

Total steel beam weight saving (x100%)

Figure 4.2  Histogram of total beam weight saving (primary and secondary
beams) due to increasing the steel strength for hybrid girders

It can be seen that in a small number of the hybrid cases the steel beam weight
increased. This is mainly due to the limits of the pre-defined geometric constraints on the
plate width and thickness in the optimisation tool for fabricated section. As a result,
heavier hybrid sections can be produced for those lightly loaded floor beams.
Nonetheless, more than 20% of weight savings can be realised for more heavily loaded
floor beams using hybrid fabricated girders.
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More than 10000 cases have been included in the study (for both composite and non-
composite floors). Given the geometries and assumptions included, the results and
trends presented should be representative of typical office construction. This section
presents a number of observations, each of which may help to inform the dynamic
response of HSS and CSS floors, and also floor systems using hybrid girders.

This section also includes an overview of the degree that the response is affected by
various factors, such as fundamental frequency, total area (bay arrangement), primary
beam span, secondary beam span and floor load etc. Graphic comparison with trend
lines are presented for equivalent HSS, CSS and hybrid floor systems.

This section discusses vibration response of composite HSS and functionally equivalent
CSSfloors.

For most of the cases examined, the fundamental frequency of the HSS floors (S460
and S690) are lower than that of equivalent CSS (S355) floors (i.e. finss/ficss < 1 in
Figure 5.1). HSS beams are usually smaller (more flexible) and lighter than CSS beams
which will result in lower fundamental frequency of the floor system. There are also a
small number of cases showing the opposite results; in which the fundamental frequency
of HSS floors are higher than that of equivalent CSS floors. In these cases, the HSS
beams (selected automatically as discussed in Section 3.3) are deeper than CSS beams,
although they are lighter and with smaller sectional area. Compounded by their lower
mass, the deeper section of HSS beams lead to higher stiffness and hence higher
frequency of the HSS floor systems.
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Figure 5.1 Statistical frequency versus ratio of fundamental frequency of HSS floor to
fundamental frequency of functionally equivalent CSS floor

Fundamental frequency of floor systems has a large effect on the response factors. The
sensitivity of response factors to fundamental frequency is studied in Figure 5.2. The
floor frequency ranges from 5 Hz to 20 Hz.
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CSS and HSS floor systems show the same trend: as the fundamental frequency
increases, the steady-state response factor (SSRF) peaks initially around 6 Hz then
again around 8 Hz, and gradually reduces to zero afterwards. The two peaks around 6
and 8 Hz are due to resonance between the floor and the third and fourth harmonic of
the walking activity. The transient response factor shows different trends. It increases
gradually when the frequency increases; plateaus between 9 to 14 Hz; and reduces as
the frequency exceeds 14 Hz.
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Figure 5.2  Response factors versus fundamental frequency; S355, S460 and
S690 floor systems; Bay arrangement 2x4.
SSRF: steady-state response factor, TRRF: transient response factor

It can be observed that the transient response factor becomes critical after 10 Hz, which
is consistent with the low frequency floor to high frequency floor cut-off value
recommended by SCI P354 for general floors.

The effect of total floor area (m?) on the response factors of the floor systems is shown
in Figure 5.3. For a fixed bay arrangement, e.g. 2x4 as shown in Figure 5.3(a), the
steady-state response factor sees an initial increase as the floor becomes larger, and
subsequently reduces as the floor areas increases further. An initial plateau is observed
for the transient response factor, then it reduces as the floor area increases. Here the
increase of floor area is due to longer beam length only.

Overall, the response factor reduces as the floor area increases due to either longer
beam length or more bays, as shown in Figure 5.3(b), which can be explained by the
increased mass of the floor system. CSS and HSS floor systems show the same trend.
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Figure 5.3 Response factor versus total area of the floor; HSS and
functionally equivalent CSS floor

5.1.3 Bay arrangement

Effect of bay arrangement on the response factors is shown in Figure 5.4. For simplicity,
the deck type, length and slab depth are all fixed. The response factor reduces when the
number of bays increases in the primary and secondary beam directions, which can be
explained by the increased mass of the floor system. CSS and HSS floor systems show
the same trend.
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Figure 5.4  Response factor versus bay arrangement; Lx=7.2m; Ly=6.0m; 140
mm slab depth with Comflor 51+ steel decking. Non-composite HSS and
functionally equivalent CSS floor
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The sensitivity of response factors to the total slab depth can by studied using Figure
5.5. For simplicity, the bay arrangement, beam length and number of secondary beams
are fixed. Overall, the response factor reduces when the slab depth increases, which can
be explained by the increased mass and stiffness of the floor system. CSS and HSS floor
systems show the same trend.
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Figure 5.5 Response factor versus slab depth; Bay arrangement 2x4;

Lx=7.2m; Ly=12.0m, secondary beam at third-point. HSS and functionally
equivalent CSS floor

The effect of beam length on the response factors and fundamental frequency of the
floor systems is presented in Figure 5.6 to Figure 5.9. Fundamental frequency is included
in the discussion since it is an important parameter in the dynamic response of floors.
The effects of bay arrangement and slab depth were discussed in previous sections and
they are fixed in studying the effect of beam length. Results shown in this subsection are
from cases of 2x4 bay arrangements with Comflor 51+ decking and a 140 mm slab depth.

Figure 5.6 shows how primary beam length affects the response factors and fundamental
frequency of the CSS S355 floor systems (nsb=number of secondary beams). The
primary beam length ranges from 4.8 m to 10.8 m. Due to resonance, the steady-state
response will rise significantly (often peaks) when the frequency falls in the region of 8—
9 Hz or 5-6 Hz (approximately). This is due to excitation in the range of the 4" and 3"
harmonics of the walking activity. These two regions are depicted as the shaded area in
Figure 5.6.
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floor, Ly - secondary beam length; nsb=1: secondary beam at mid-span,

nsb=2: secondary beam at third-point

The fundamental frequency of the floor decreases when the primary beam becomes
longer. An important observation is that with the same primary and secondary beam
lengths, the frequency of floor system with secondary beams located at third-point is
lower than that with secondary at mid-span.

It is a general trend, as observed, that the steady-state response increases when the

primary beam length increases (because the frequency decreases).
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Figure 5.7 Response factors versus secondary beam length (Ly); S355 CSS
floor, Lx - primary beam length; nsb=1: secondary beam at mid-span,
nsb=2: secondary beam at third-point

Transient response is less sensitive to the primary beam length (and the fundamental
frequency) than steady-state response. As the primary beam length increases and
fundamental frequency decreases, the transient response increases initially then
reduces. The transient response does not vary significantly over the whole range of the
primary beam lengths.

Figure 5.7 presents the effect of secondary beam length on the response factors and
fundamental frequency of the CSS S355 floor systems. The fundamental frequency
decreases when the secondary beam length increases, as does the transient response
of the floor.

The general trend of steady-state response can be observed to increase with increasing
secondary beam length (i.e. decreasing fundamental frequency). The steady-state
response is highly sensitive to the fundamental frequency and rises sharply when the
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frequency approaches the resonance (8-9 Hz and 5-6 Hz). The transient response factor

decreases when the length of secondary beam increases.

The effect of primary and secondary beam lengths on the vibration response of HSS
floors using S460 and S690 steel beams are presented in Figure 5.8 and Figure 5.9.
HSS floor systems show the same sensitivity to length as their functionally equivalent

CSS floors.
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Response factors versus primary beam length (Lx); Non-
composite HSS S460 and S690 floor, Ly is the secondary length; nsb=1:

secondary beam at mid-span, nsb=2: secondary beam at third-point
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Figure 5.9 Response factors versus secondary beam length (Ly); Non-
composite HSS S460 and S690 floor, Ly is the secondary length; nsb=1:
secondary beam at mid-span, nsbh=2: secondary beam at third-point

For completeness, the effect of primary to secondary beam length ratio (L«/Ly) on the
steady-state and transient response of CSS S355 floors is shown in Figure 5.10.

The results suggest that a lower span ratio would be beneficial to keep the transient
response factors low.

The sensitivity of steady-state response to the span ratio is more complex. As a general
rule and disregarding the location of secondary beam, it is preferred to keep the span
ratio low as well, to minimise the response.

The effect of span ratio on vibration response of HSS floors using S460 and S690 steel
beams are shown in Figure 5.11. HSS floor systems show the same sensitivity to span
ratio as CSS floors.
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Figure 5.11 Response factors versus beam length ratio (Lx/Ly); S460 and
S690 HSS floor, Lx is the primary length; nsb=1: secondary beam at mid-
span, nsh=2: secondary beam at third-point

The effect of other design parameters such as floor loading and damping ratio are
discussed here.

Loading
An increased floor would lead to an increase in non-structural mass in the floor system,
and thus will result in a considerable reduction in the steady-state and transient
response.

Damping ratio

Damping reduces the vibration response of a floor system. 3% damping ratio is used in
the current parametric study for a fully fitted-out office.
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Vibration responses and their sensitivity to key design parameters for non-composite
floors are presented in full in Appendix A.1. As shown in the appendix, the sensitivity of
vibration response of non-composite floors to the design parameters, such as length and
slab depth etc, is similar to that of the composite floors.

Figure 5.12 shows a comparison between functionally equivalent CSS (S355) composite
and non-composite floor beams. It is informative to note that the vibration responses of
non-composite floors are lower than composite floors. This is likely due to the heavier
steel beams use in the non-composite floors.

16 1 Composite floor S355 Composite floor S355
“ Non-composite floor S355 ' Non-composite floor S355
14

12 4

SSRF
o

SSRF

o

o

©

ES

il

I b L 1“'
LA ) FH

N

[}
|

T T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Vibration analysis cases Vibration analysis cases

(a) Steady-state response (b) Transient response

Figure 5.12 Comparison of vibration response between functionally
equivalent composite and non-composite floor beams (S355 steel beams
only)

Vibration responses and their sensitivity to key design parameters for non-composite
hybrid floors are presented in full in Appendix B.1. The sensitivity of vibration response
of non-composite hybrid floors to the design parameters, such as length and slab depth
etc, is similar to that of the non-composite CSS and HSS floors.

This chapter represents a study on the sensitivity of response factors of typical office
floors to a range of key design parameters such as floor fundamental frequency, total
floor area, bay arrangement, floor slab depth, beam length and floor loads.

Different floor systems were studied. Composite and non-composite floors were included
in the study. Vibration response of floors using CSS (S355) and HSS (S460 and S690)
UB beams were analysed. Non-composite floors using fabricated hybrid beams are also
studied.

Response factors of all different floor systems using either CSS, HSS or hybrid beams
show the same sensitivity to the floor design parameters and they are summarised
below:
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¢ Floor fundamental frequency: as floor fundamental frequency increases, steady-
state response factors increase and peak around the resonance frequency range of
8 - 9 Hz and then decrease to near zero. The transient response factors increase
gradually until 10 Hz and then remains roughly constant afterwards. The transient
response factor becomes dominate when the floor fundamental frequency is higher
than 10 Hz.

e Total floor area: as a general trend, both steady-state and transient response factors
decrease when the floor area increases.

¢ Bay arrangement: similar to total floor area, the steady-state and transient response
factors decrease when the floor area increases.

¢ Slab depth: steady-state and transient response factors decrease when the floor slab
depth increases.

¢ Length of primary beam: as the length of primary beam increases, the steady-state
response factor increases because the floor fundamental frequency decreases. It
reaches a maximum when the fundamental frequency falls in the region of 8-9 Hz or
5-6 Hz (approximately), due to excitation in the range of the 4" and 3" harmonics of
the walking activity. The transient response factor is less sensitive to the length of
primary beam and the floor fundamental frequency. It only increases slightly when the
length increases.

e Length of secondary beam: as the length of secondary beam increases, the steady-
state response increases while the transient response decreases. The steady-state
response factor reaches a maximum when the floor fundamental frequency falls in
the region of 8-9 Hz or 5-6 Hz (approximately), due to excitation in the range of the
4t and 3@ harmonics of the walking activity.

e Beam length ratio: The sensitivity of response factors to the span ratio is more
complicated. In general, response factors would increase when the length ratio (L./Ly)
increases.

o Floor loads: floors under heavier loads have lower response factors since the load is
converted to non-structural mass on the floor structure.
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The sensitivity of the steady-state and transient response factors to various key
parameters (fundamental frequency, bay arrangement, length and loading etc.) have
been investigated for CSS, HSS and hybrid floor systems in the previous chapter. In this
section, results from this sensitivity study are used to identify any trends in the data,
highlighting cases where special consideration is needed to produce an optimum design.
Based on these trends, rules will be recommended which will enable designers to make
an informed choice about how to optimise designs using HSS beams with respect to
dynamic response.

Ratios of response factors are used to compare the dynamic response of CSS (S355)
floors with functionally equivalent HSS (S460 and S690) and hybrid (HY34 and HY36)
floor designs.

For all the cases examined in this study, most of the HSS floors have higher response
factors than the functionally equivalent CSS floors, although in a small number of cases
the response factors are lower. It can be seen from Figure 6.1(a) that the ratio of steady-
state response factors ranges from a minimum of 0.5 to maximum of around 1.75; the
response factor ratio is less than 1.25 in more than 90% of the cases.

Presented in Figure 6.1(b), the ratio of transient response factors ranges from 0.8 to
1.25; the response factor ratio is less than 1.1 in more than 90% of the cases.
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Figure 6.1  Histogram of response factor ratio

Figure 5.2 shows the steady-state response of all floor systems studied subject to a
constant cyclic force (walking activity at 2.2 Hz). A generalised form of the response is
shown in Figure 6.2. The response is comprised of multiple peaks (two in this example)
which, in the cases analysed in this report, correspond to resonance with the 3@ and 4
harmonic components of walking.

It was shown in Section 5.1.1 that increasing the steel strength will lead to lower
fundamental frequency in most of the floor designs. This in turn would increase the
response of the HSS floor if the frequency of its functionally equivalent CSS floor is higher
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than the local resonant peaks. It follows that if the frequency of the CSS floor is lower
than the local resonant peaks, increasing the steel strength will lead to a lower response
in the floor. In the cases in which the frequency of HSS floors are higher than that of the
functionally equivalent CSS floors, the opposite behaviour can be observed. This
analysis is also applicable to the transient response.

The response factors can either increase or decrease depending on the fundamental
frequency of the original CSS (S355) and HSS (S460 and S690) floors. This explains
why HSS floor systems do not always have higher response factors than their
functionally equivalent CSS floor systems.

Response
—

Floor fundamental frequency

Figure 6.2  Typical floor steady-state response

Response ratio
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Figure 6.3  Weight saving versus ratio of response factors

Figure 6.3 presents the relationship between the response ratio and weight saving of the
primary beams. Greater weight saving by using HSS beams does not lead to significantly
higher response factors in the HSS floors. Up to 40% weight saving can be realised by
increasing the steel strength while the increase in the response factors is less than 50%
for most of the cases.
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The influence of total floor area on the response ratio for composite floors is presented
in Figure 6.4. A linear regression technique is used to determine whether it is possible to
explain the change of response ratio using total floor area. The coefficients of
determination (r?) of the fitted lines shown in Figure 6.4 are all less than 0.01 which
means less than 1% of the variation in the response factor ratio is explained by the
regression line. It means that 99% of the variation is determined by other factors, and
the total floor area does not affect the response factor ratio.

The results demonstrate that there is no correlation between the response ratio and the

total floor area.
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Response factor ratio versus total floor area

The influence of bay arrangement on the response ratio for composite floors is presented
in Figure 6.5. Linear regression is not applicable here since the bay arrangement is not
a numeric value. However, it can be seen that there is almost no correlation between
the response ratio and the bay arrangements.
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Response factor ratio versus bay arrangement

The influence of slab depth on the response ratio for composite floors is presented in
Figure 6.6. Linear regression is used to identify the correlation between response ratio
and slab depth.

The coefficients of determination (r?) of the fitted lines are also less than 2% which means
there is no correlation between the response ratio and the floor slab depth.
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Figure 6.6  Response factor ratio versus total slab depth

The influence of beam length on the response ratio for composite floors is presented in
Figure 6.7 and Figure 6.8. A linear regression technique is used to determine whether it
is possible to explain the change of response ratio using beam length. The coefficients
of determination (r?) of the fitted lines shown in Figure 6.7 and Figure 6.8 are all less than
2%. The results demonstrate that there is no correlation between the response ratio and
the beam length.
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Figure 6.7 Response factor versus primary beam length (blue indicates a
floor with one secondary beam while green indicates two secondary beams)
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Figure 6.8  Response factor versus secondary beam length
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The influence of beam span ratio on the response ratio for composite floors is presented
in Figure 6.9. A linear regression technique is used to determine whether it is possible to
explain the change of response ratio using beam length ratio. The coefficients of
determination (r?) of the fitted lines shown in Figure 6.9 are all less than 2%. The results
demonstrate that there is no correlation between the response ratio and the beam span
ratio.
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A comparison of response factors of non-composite floors using CSS and HSS steel
beams is presented in full in Appendix A.2. The results are similar to compaosite floors
discussed previously. More than a 25% of primary beam weight savings can be achieved
by using HSS beams, without a significant increase in response factors (less 50%
increase).

The response factor ratios (S460/S355 and S690/S355) of non-composite floors do not
correlate to the design parameters such as total floor area, slab depth and length etc.
This indicates that there is not a trend in the data which can explain the magnitude of
change of response factors when HSS beams are used. This is compatible with the
findings in Section 5 for composite floors that response factors of both CSS and HSS
floors have the same sensitivity to the various design parameters studied.

A comparison of response factors of non-composite floors using CSS and hybrid steel
beams is presented in full in Appendix B.2. The results are similar to composite and non-
composite floors discussed previously.

Floor systems using hybrid beams are more sensitive to vibration. Greater steel beam
weight saving would lead to a larger increase in response factors. More than 20% of total
beam (primary and secondary) weight saving can be achieved by using optimised hybrid
beams, with the increase in response factors less than 50% for most cases.

The response factor ratios (HY34/S355 and HY36/S355) of hon-composite floors do not
correlate to the design parameters such as total floor area, slab depth and length etc as
well. This indicates that there is not a trend in the data which can explain the magnitude
of change of response factors when hybrid beams are used.

This chapter presents a comparison of response factors for composite and non-
composite floor systems using CSS, HSS and hybrid steel beams. The response factor
ratio is used to compare the dynamic response of functionally equivalent floor systems
using steel beams with different strengths.

The comparison illustrates that some of the floor designs utilising HSS and hybrid beams
are more susceptible to vibration than functionally equivalent floors in CSS, but there are
cases in which the HSS and hybrid floors are less susceptible. It suggests that the
dynamic response of a floor system as a whole is not particular sensitive to the choice
of beam (and hence to the steel strength). The study also showed that the change of
dynamic response as a result of upgrading to HSS and hybrid steel beams has no
correlation to various key design parameters.

Based on the current comparative study on dynamic response, no special consideration
is needed for floor designs using HSS and hybrid beams. They should be designed and
optimised as CSS beams for dynamic response.
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This deliverable presents a comprehensive study on the dynamic response of composite
and non-composite floor systems using CSS, HSS and hybrid steel beams.

Sensitivity of the response factors to various key parameters (such as fundamental
frequency, bay arrangement, slab depth, length and loading etc) are compared for CSS,
HSS and hybrid floor systems. Dynamic responses of different floor systems
demonstrate similar sensitivity to various parameters included in the study. The results
can be used to optimise the design floor systems with respect to dynamic response.

Based on this sensitivity study, the response factors of HSS and hybrid floor systems are
compared against functionally equivalent designs using CSS beams. The comparative
study shows that HSS and hybrid floors are not necessarily always more susceptible to
vibration than equivalent CSS solutions, and the difference between them is relatively
small for most of the cases.

It was shown that the dynamic response as a whole is not particularly sensitive to the
stiffness and mass of the beams (and hence to the steel strength). Parameters such as
slab depth or beam lengths have a more significant influence on the dynamic response
of floor systems. This is because they can greatly change the fundamental frequency of
the floor system, to which the response factors are extremely sensitive (due to
resonance).

Special consideration is not needed for specifying higher strength or hybrid steel beams
with respect to vibration response.

In this study, it was also shown that for a functionally equivalent floor system, composite
floors are likely to be more susceptible to vibration than non-composite floors. This
assumes that a non-composite floor, for example with precast concrete planks, is
detailed correctly to avoid independent vibration of small floor regions.

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\pdi\STROBE D4-4 Comparative study of dynamic response of HSS floors.docx

40



LU=
-\\
AVsci

Steel Knowledge  D4.4 Comparative study of the dynamic response of HSS and CSS floors

1. Human-induced vibration of steel structures (HIVOSS), RFS2-CT-2007-00033,
Research Fund for Coal and Steel, European Commission, 2010

2. Smith, A.L., Hicks, S.J. and Devine P.J., Design of Floors for Vibration, A New
Approach P354. Revised Edition, Steel Construction Institute, 2009

3. 1SO 10137:2007 Base for design of structures — Serviceability of buildings and
walkways against vibrations

4. BS 6841:1987 Guide to measurement and evaluation of human exposure to whole-
body mechanical vibration and repeated shock, British Standards Institute, 1987

5. BS 6472:1992 Guide to evaluation of human exposure to vibration in buildings (1 Hz
to 80 Hz), British Standards Institute, 1992

6. 1SO 10137:2007 Bases for design of structures — Serviceability of buildings and
walkaways against vibrations, International Organisation for Standardization, 2007

7. EN 1991-1-1 Eurocode 1: Actions on structures — Part 1-1: General actions —
Densities, self-weight, imposed loads for buildings, BSI, 2002

8. Composite floor deck, TATA Steel,

9. Willford, M.R., Young, P. A design guide for footfall vibration of structures (CCIP-
016), The Concrete Centre, 2006

10. BCSA Composite Beam Checking Tool, The Steel Construction Institute, 2015.
Available at www.steelconstruction.info

11. D4.1 Web tool for design and optimisation of HSS floor beams, STROBE

12. EN 1994 Eurocode 4: Design of composite steel and concrete structures — Part 1-1:
General rules and rules for buildings

13. ArcelorMittal Orange Book
https://constructalia.arcelormittal.com/en/tools/orange book

P:\OSM\OSM640 STROBE\Deliverables\Ready for upload\pdi\STROBE D4-4 Comparative study of dynamic response of HSS floors.docx

41


https://www.tatasteelconstruction.com/en_GB/Products/structural-buildings-and-bridges/Composite-floor-deck/
https://www.tatasteelconstruction.com/en_GB/Products/structural-buildings-and-bridges/Composite-floor-deck/
https://constructalia.arcelormittal.com/en/tools/orange_book

L=

scli
D4.4 Comparative study of the dynamic response of HSS and CSS floors  steel Knowledge

Vibration analysis results and a comparative study for non-composite floors (CSS and
HSS) are presented in this appendix.

The sensitivity of non-composite floor vibration response to design parameters is similar
to that of composite floors presented and discussed in Section 5.1, as is the dependency
of vibration response on steel strength.

For most of the cases examined, the fundamental frequency of the non-composite HSS
floors (S460 and S690) are lower than that of the functionally equivalent CSS (S355)
floors (i.e. finss/ficss < 1 in Figure A.1). HSS beams are usually smaller (more flexible)
and lighter than CSS beams which will result in a lower fundamental frequency of the
floor system. There are also a very small number of cases showing the opposite results
(in which the fundamental frequency of HSS floors are higher than that of equivalent CSS
floors). In these cases, the HSS beams are deeper than CSS beams, although they are
lighter and with smaller sectional area. Compounded by their lower mass, the deeper
section of HSS beams leads to higher stiffness hence higher frequency of the HSS floor
systems.
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Figure A.1  Statistical frequency versus ratio of fundamental frequency of non-
composite HSS floor to fundamental frequency of functionally equivalent
non-composite CSS floor

Non-composite CSS and HSS floor systems show the same trend: as the fundamental
frequency increases, the steady-state response factor (SSRF) peaks initially around 8 -
9 Hz, and gradually reduces to zero afterwards. The peaks are due to resonance
between the floor and the third and fourth harmonic of the walking activity. The transient
response factor shows different trends. It increases gradually when the frequency
increases; plateaus between 10 to 18 Hz; and reduces slightly as the frequency exceeds
18 Hz.
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The effect of total floor area (m?) on the response factors of the non-composite floors is
shown in Figure A.3. For a fixed bay arrangement, e.g. 2x4 as shown in Figure A.3 (a),
the steady-state response factor sees an initial increase as the floor becomes larger, and
subsequently reduces as the floor areas increases further. An initial plateau is observed
for the transient response factor, then it reduces as the floor area increases. Here the
increase of floor area is due to the longer beam span only.

Overall, the response factor reduces as the floor area increases due to either longer
beam span or more bays, which can be explained by the increased mass of the floor
system (Figure A.3 (b)). CSS and HSS non-composite floor systems show the same
trend.
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Response factor versus total area of the floor; Non-composite

HSS and functionally equivalent CSS floor

A.1.3 Bay arrangement

Effect of bay arrangement on the response factors is shown in Figure A.4. For simplicity,
the deck type, length and slab depth are all fixed. The response factor reduces when the
number of bays increases in the primary and secondary beam directions), which can be
explained by the increased mass of the floor system. CSS and HSS floor systems show

the same trend.
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Response factor versus bay arrangement; Lx=7.2m; Ly=6.0m; 140

mm slab depth with Comflor 51+ steel decking. Non-composite HSS and
functionally equivalent CSS floor
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The sensitivity of response factors to the total slab depth can by studied using Figure
A.5. For simplicity, the bay arrangement, beam length and number of secondary beams
are fixed. Overall, the response factor reduces when the slab depth increases. CSS and
HSS floor systems show the same trend.
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Figure A.5 Response factor versus slab depth; Bay arrangement 2x4;
Lx=7.2m; Ly=12.0m, secondary beam at third-point. Non-composite HSS and
functionally equivalent CSS floor

The effect of beam length on the response factors and fundamental frequency of the
non-composite floors is presented in Figure A.6 to Figure A.9. Results shown in this
subsection are from cases of a 2x4 bay arrangement with Comflor 51+ decking and
140 mm slab depth.

Figure A.6 shows how primary beam length affects the response factors and
fundamental frequency of the non-composite CSS S355 floor systems. The primary
beam length ranges from 4.8 m to 10.8 m.
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Figure A.6

Response factors versus primary beam length (Lx); Non-

composite S355 CSS floor, Ly - secondary beam length; nsb=1: secondary
beam at mid-span, nsb=2: secondary beam at third-point

The steady-state response increases when the primary beam length increases (because
the frequency decreases). The steady-state response will rise significantly (and often
peaks) due to resonance. Low steady-state response factors can be achieved if long
primary beams can be avoided and only a single secondary beam used in the floor
design.

The primary beam span has less effect on the transient response factors: the overall
tendency is that the transient response factors would only increase slightly when the
span increases.

Figure A.7 presents the effect of secondary beam length on the response factors and
fundamental frequency of the non-composite CSS S355 floor systems. The steady-state
response increases with the increasing of secondary beam length, while the transient
response decreases.
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Figure A.7 Response factors versus secondary beam length (Ly); S355 CSS
floor, Lx - primary beam length; nsb=1: secondary beam at mid-span,
nsb=2: secondary beam at third-point

The effect of primary and secondary beam lengths on the vibration response of non-
composite HSS floors using S460 and S690 steel beams are presented in Figure A.8
and Figure A.9. Non-composite HSS floor systems show the same sensitivity to length
as their functionally equivalent CSS floors.
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Figure A.9 Response factors versus secondary beam length (Ly); S460 and
S690 HSS floor, Ly is the secondary length; nsb=1: secondary beam at mid-
span, nsh=2: secondary beam at third-point

The effect of the primary to secondary beam length ratio (Lx/Ly) on the steady-state and
transient response of non-composite CSS S355 floors is shown in Figure A.10. Similar
to the composite floors, a lower span ratio would be beneficial to keep the transient
response factors low.

The sensitivity of steady-state response to the span ratio is more complex. As a general
rule and disregarding the location of secondary beam, it is preferred to keep the span
ratio low as well, to minimise the response.

The effect of span ratio on vibration response of HSS floors using S460 and S690 steel
beams is shown in Figure A.11. Non-composite HSS floor systems show the same
sensitivity to span ratio as their functionally equivalent non-composite CSS floors.
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Figure A.10 Response factors versus beam length ratio (Lx/Ly); non-
composite S355 CSS floor, Lx is the primary length; nsb=1: secondary beam
at mid-span, nsb=2: secondary beam at third-point
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Figure A.11 Response factors versus beam length ratio (Lx/Ly); non-
composite S460 and S690 HSS floor, Ly is the secondary length; nsb=1:
secondary beam at mid-span, nsbh=2: secondary beam at third-point

A comparison of response factors of HSS and CSS non-composite floors is presented in
this appendix.

For all the cases examined in this study, most of the HSS non-composite floors have
higher response factors than their functionally equivalent CSS non-composite floors,
although in a small number of cases the response factors are lower. It can be seen from
Figure A.12(a) that the ratio of steady-state response factors ranges from a minimum of
0.6 to maximum of around 1.5; the response factor ratio is less than 1.25 in more than
90% of the cases.

Presented in Figure A.12 (b), the ratio of transient response factors ranges from 0.8 to
1.25; the response factor ratio is less than 1.1 in more than 90% of the cases.
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Figure A.12 Histogram of response factor ratio

Figure A.13 presents the relationship between the response ratio and weight saving of
the primary beams in non-composite floors. Greater weight saving achieved by using
HSS beams does not lead to significantly higher response factors in the HSS floors. Up
to 27% weight saving can be realised by increasing the steel strength while the increase
in the response factors is less than 50% for all of the cases.
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Figure A.13 Weight saving versus ratio of response factors

The influence of total floor area on the response ratio for non-composite floors is
presented in Figure A.14. A linear regression technique is used to determine whether it
is possible to explain the change of response ratio using total floor area. The coefficients
of determination (r?) of the fitted lines shown in Figure A.14 are all less than 0.01 which
means less than 1% of the variation in the response factor ratio is explained by the
regression line. It means that 99% of the variation is determined by other factors, and
the total floor area does not affect the response factor ratio.

The results demonstrate that there is no correlation between the response ratio and the
total floor area.
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Figure A.14 Response factor ratio versus total floor area

The influence of bay arrangement on the response ratio for non-composite floors is
presented in Figure A.15. Linear regression is not applicable here since the bay
arrangement is not a numeric value. However, it can be seen that there is almost no
correlation between the response ratio and the bay arrangements.
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Figure A.15 Response factor ratio versus bay arrangement

The influence of slab depth on the response ratio for non-composite floors is presented
in Figure A.16. Linear regression is used to identify the correlation between response
ratio and slab depth.

The coefficients of determination (r?) of the fitted lines are also less than 2% which means
there is no correlation between the response ratio and the floor slab depth.
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Figure A.16 Response factor ratio versus total slab depth

The influence of beam length on the response ratio for non-composite floors is presented
in Figure A.17 and Figure A.18. A linear regression technique is used to determine
whether it is possible to explain the change of response ratio using beam length. The
coefficients of determination (r?) of the fitted lines shown in Figure A.17 and Figure A.18
are all less than 2%. The results demonstrate that there is no correlation between the
response ratio and the beam length.
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The influence of beam length ratio on the response ratio for composite floors is presented
in Figure A.19. A linear regression technique is used to determine whether it is possible
to explain the change of response ratio using beam length ratio. The coefficients of
determination (r?) of the fitted lines shown below are all less than 2%. The results
demonstrate that there is no correlation between the response ratio and the beam length
ratio.
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Figure A.19 Response factor versus length ratio
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Vibration analysis results and a comparative study for non-compaosite floors using hybrid
beams are presented in this appendix. Two types of hybrid beams are used with the
following designation: (1) HY34: S355 steel for the web and S460 for the flange and (2)
HY36 S355 steel for the web and S690 for the flange. Beam section selection and
optimisation is discussed in Section 3.3.

For many of the cases examined, the fundamental frequency of the non-composite floors
using hybrid beams (HY34 and HY36) are lower than that of the functionally equivalent
CSS (S355) floors (i.e. finverin/ficss < 1 in Figure A.1). Hybrid beams are usually lighter
than CSS beams which could result in lower fundamental frequency of the floor system.
There are also a small number of cases showing the opposite results; in which the
fundamental frequency of Hybrid floors is higher than that of equivalent CSS floors. In
these cases, the hybrid beams are deeper than CSS beams, although they are lighter
and with smaller sectional area. Compounded by their lower mass, the deeper section
of Hybrid beams leads to higher stiffness hence higher frequency of the Hybrid floor
systems.
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Figure B.1  Statistical frequency versus ratio of fundamental frequency of Hybrid floor
to fundamental frequency of functionally equivalent CSS floor

Non-composite CSS and Hybrid floor systems show the same trend: as the fundamental
frequency increases, the steady-state response factor (SSRF) peaks initially around 8 -
9 Hz, and gradually reduces to zero afterwards. The peaks are due to resonance
between the floor and the third and fourth harmonic of the walking activity. The transient
response factor shows different trends. It increases gradually when the frequency
increases; plateaus between 10 to 18 Hz; and reduces slightly as the frequency exceeds
18 Hz.
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Figure B.2 Response factors versus fundamental frequency; S355, HY34
and HY36 floor systems; Bay arrangement 2x4. SSRF: steady-state
response factor, TRRF: transient response factor

The effect of total floor area (m?) on the response factors of the non-composite hybrid
floors is shown in Figure B.3. For a fixed bay arrangement, e.g. 2x4 as shown in Figure
B.3 (a), the steady-state response factor sees an initial increase as the floor becomes
larger, and subsequently reduces as the floor areas increases further. An initial plateau
is observed for the transient response factor, then it reduces as the floor area increases.
Here the increase of floor area is due to the longer beam length only. CSS and hybrid
non-composite floor systems show the same trend.
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Figure B.3 Response factor versus total area of the floor; HSS and

functionally equivalent CSS floor

The sensitivity of response factors to the total slab depth can by studied using Figure
B.4. For simplicity, the bay arrangement, beam length and number of secondary beams
are fixed. Overall, the response factor reduces when the slab depth increases. CSS and

hybrid floor systems show the same trend.

SSRF

S355

T T T T T
120 130 140 150 160

—e— Comflor 51+ Comflor 60

(a) Steady-state

Figure B.4

170
Slab height (mm)

T T
180 190

—»-- Comflor 80

T
200

S355

TRRF

HY36

T
120

T T T T T T T T
130 140 150 160 170 180 130 200
Slab height (mm)

—e— Comflor 51+ Comflor 60 —=- Comflor 80
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Response factor versus slab depth; Bay arrangement 2x4;

Lx=7.2m; Ly=12.0m, secondary beam at third-point. HSS and functionally
equivalent CSS floor
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The effect of beam length on the response factors and fundamental frequency of the
non-composite floors is presented in Figure B.5 and Figure B.6. Results shown in this
subsection are from cases of a 2x4 bay arrangement with Comflor 51+ decking and 140
mm slab depth.

Figure B.5 shows how primary beam length affects the response factors and
fundamental frequency of the non-composite hybrid floor systems. The primary beam
length ranges from 4.8 m to 10.8 m.

The steady-state response increases when the primary beam length increases (because
the frequency decreases). The steady-state response will rise significantly (often peaks)
due to resonance.

The primary beam span has less effect on the transient response factors; the overall
tendency is that the transient response factors would only increase slightly when the
span increases.
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Figure B.5 Response factors versus primary beam length (Lx); Hybrid floor,
Ly is the secondary length; nsb=1: secondary beam at mid-span, nsb=2:
secondary beam at third-point

Figure B.6 presents the effect of secondary beam length on the response factors and
fundamental frequency of the non-composite hybrid floor systems. Steady-state
response increases with the increasing secondary beam length, while the transient
response decreases.
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Figure B.6 Response factors versus secondary beam length (Ly); S460 and
S690 HSS floor, Ly is the secondary length; nsb=1: secondary beam at mid-
span, nsb=2: secondary beam at third-point

The effect of primary to secondary beam length ratio (Lx/Ly) on the steady-state and
transient response of non-composite hybrid floors is shown in Figure B.7. Similar to the
CSS and CSS composite and non-composite floors, a lower span ratio would be
beneficial to keep the transient response factors low.

The sensitivity of steady-state response to the span ratio is more complex. As a general
rule, and disregarding the location of secondary beam, it is preferred to keep the span
ratio low as well, to minimise the response.

Non-composite hybrid floor systems show the same sensitivity to span ratio as their
functionally equivalent non-composite CSS and CSS floors.
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Response factors versus beam length ratio (Lx/Ly); Hybrid floor,

Lx is the primary length; nsb=1: secondary beam at mid-span, nsb=2:
secondary beam at third-point

Comparison of response factors of hybrid and CSS non-composite floors is presented in
this appendix.

Designation HY34 means that the web is S355 and flange is S460. HY 36 means the web
is S355 and flange is S690.

For the cases examined in this study, most of the HSS non-composite floors have higher
response factors than their functionally equivalent CSS non-composite floors; although
in a small number of cases the response factors are lower. It can be seen from Figure
B.8(a) that the ratio of steady-state response factors ranges from a minimum of 0.25 to
maximum around 2.0; the response factor ratio is less than 1.25 in more than 80% of the
cases.

Presented in Figure B.8(b), the ratio of transient response factors ranges from 0.8 to
1.25; response factor ratio is less than 1.1 in more than 90% of the cases.
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Figure B.8 Histogram of response factor ratio

Figure B.9 presents the relationship between the response ratio and weight saving of the
hybrid beams in non-composite floors.

Greater weight saving by using hybrid beams does not lead to significantly higher
response factors in the hybrid non-composite floors. Up to 27% weight saving can be
realised by increasing the steel strength while the increase in the response factors is less
than 50% for most of the cases.

2.00
% SSRF HY34/5355
TRRF HY34/5355 * ,{ y
1751 SSRF HY36/5355 - -
A TRRF HY36/$355 g X X%y
! e »

1.50 1

1.25 4

1.00 +

Respeonse ratio

0.75 7

0.50 4

0.259

0.00 T T T T T T T T
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20

Total beam weight saving (x100%)

Figure B.9 Weight saving versus ratio of response factors

The influence of total floor area on the response ratio for non-composite floors is
presented in Figure B.10. A linear regression technique is used to determine whether it
is possible to explain the change of response ratio using total floor area. The coefficients
of determination (r?) of the fitted lines shown in Figure B.10 are all less than 0.01 which
means less than 1% of the variation in the response factor ratio is explained by the
regression line. It means that 99% of the variation is determined by other factors, and
the total floor area does not affect the response factor ratio.

The results demonstrate that there is no correlation between the response ratio and the
total floor area.
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Figure B.10 Response factor ratio versus total floor area

The influence of slab depth on the response ratio for non-composite floors is presented
in Figure B.11. Linear regression is used to identify the correlation between response
ratio and slab depth.

The coefficients of determination (r?) of the fitted lines are also less than 2% which means
there is no correlation between the response ratio and the floor slab depth.
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Figure B.11 Response factor ratio versus total slab depth

The influence of beam length on the response ratio for non-composite floors is presented
in Figure B.12 and Figure B.13. A linear regression technique is used to determine
whether it is possible to explain the change of response ratio using beam length. The
coefficients of determination (r?) of the fitted lines shown in Figure B.12 and Figure B.13
are all less than 2%. The results demonstrate that there is no correlation between the
response ratio and the beam length.
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Figure B.12 Response factor versus primary beam length (blue indicates a
floor with one secondary beam while green indicates two secondary
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Figure B.13 Response factor versus secondary beam length
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The influence of beam length ratio on the response ratio for non-composite floors is
presented in Figure B.14. A linear regression technique is used to determine whether it
is possible to explain the change of response ratio using beam length ratio. The
coefficients of determination (r?) of the fitted lines shown below are all less than 2%. The
results demonstrate that there is no correlation between the response ratio and the beam
length ratio.
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Figure B.14 Response factor versus length ratio
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