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Abstract: This paper aims to investigate the dynamic behavior of composite steel–concrete floor
systems under both free and forced vibrations. A combination of numerical and analytical methods
was comprehensively employed to calibrate the suggested solutions to extend the application of
accurate numerical methods in future design purposes. Different commercial Finite Element Packages
including ABAQUS/CAE and Strand7 were precisely utilized. The obtained results from the Finite
Element Simulations were broadly compared with the available international design guidelines
including British Standard BS 6472 and international standard ISO 10137. The first 10 active vibration
modes in different composite steel–concrete beam floor systems were numerically investigated. Dif-
ferent concrete slabs by respecting the designated various types of secondary and primary steel beam
components were comprehensively examined. It was found that the lengths of primary and secondary
beams can considerably influence the computed fundamental frequencies and the response factors of
the simulated composite floor system. Based on carrying out an extensive parametrical study, further
practical recommendations were suggested to provide a reliable benchmark for structural designers.

Keywords: composite beam floor systems; humans’ vibration; numerical methods; dynamic analysis

1. Introduction

Composite steel–concrete floor systems have been widely adopted as flooring options
in both commercial and residential projects, as it is possible to achieve longer span floors
with shallower depth of sections; thus, this may result in optimization in the construction
stage [1–8]. Composite steel–concrete members are also able to provide greater stiffness
than the non-composite steel–concrete members, and therefore are more desirable and
appropriate for high-rise prestigious office buildings. The main concept of a reinforced
concrete floor system is that the reinforcing steel can provide required tension while concrete
provides the required compression, therefore making it easier to achieve the desired level
of serviceability for both strength and deflection limits [9,10].

With the development in lighter and longer span composite floor design, in recent
years, the dynamic behavior of composite steel–concrete floor systems has become a critical
issue for the designers, since the lighter floor systems may be significantly influenced
by the human’s vibration [11–17]. The indicated issues would be more critical when it
comes to considering the ultra-low vibration environments conditions that are required to
explicitly design hospitals and nanotechnology facilities. Both free and forced vibration are
substantial factors, which are needed to be taken into account in designing different types
of the composite beam floor systems. The natural frequency can play a key role as the main
design criterion according to the traditional design guidelines. However, special attention
was devoted to the induced vibration due to external excitation such as human footfalls
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in commercial and residential buildings as the important designing criterion. Provided
that the induced dynamic frequency due to the effect of the human’s activities would be
fairly close to the natural frequency of a composite floor system, a resonant response can
be occurred.

In order to address this indicated serviceability design issue, a better understanding of
the dynamic behavior of the composite steel–concrete floor systems is required to prevent
an excessive floor vibration. An impulsive dynamic simulation, which can reflect the actual
structural behavior of the composite floor systems, should be part of the design packages,
since the static analysis cannot fully determine the influence of human walking activities in
the final design.

According to ISO 10137 [3], the propagation of vibration in a composite floor system
depends on material properties including density, stiffness, damping, and the overall layout
of the structure.

Therefore, the main objective of this paper is to investigate the vibrational characteristic
of the composite steel–concrete floor under both free and forced vibration, concerning the
effect of geometric layout on the main structural components. The effect of damping was
ignored in the numerical method in this study, since the level of damping is relatively low
for light constructions [18–21], and, for the sake of the simplicity, it was assumed that the
material properties were the same in all geometric layouts used.

1.1. Background Review
1.1.1. Free Vibration and Natural Frequency

Regarding free vibration, numerous approaches have been developed since one of the
first equations for calculating natural frequency of floors was given by Lenzen [22]:

f = 1.57×
√

gE× It

w× L3 (1)

where
g = gravity acceleration;
E = Young′s modulus o f steel beams;
It = trans f ormed moment o f inertia;
w = uni f ormly distributed weight per unit length;
L = member span.
Following Lenzen’s [22] work, several other approaches were developed, and the main

design methodologies for steel–concrete composite floor systems are the Steel Construction
Institute (SCI) [23] approach and the American Institute of Steel Construction/Canadian
Institute of Steel Construction (AISC/CISC) Design Guide 11.

Hicks [7] recommended an equation for calculating natural frequency for free elastic
vibration of a beam or uniform section, which is derived from the governing equation for
a beam under bending:

m
∂2w
∂t2 + EI

∂4w
∂x4 = F(x, t) (2)

where
m = the distributed mass;
w = the displacement o f the beam, as a f unction; o f w = x and t;
t = time;
EI = the bending sti f f ness;
x = the position along the beam;
F(x, t) = the f orcing f unction.
Through removing the forcing function, i.e., under free vibration, Equation (2) could

be solved to give the following equation:

fn =
kn

2π
×
√

E× I
m× L4 (3)
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Some analytical standard values of kn for elements with different boundary conditions
are as tabulated in Table 1 [7] below:
where

EI = dynamic f lexural rigidity o f the member;
EI =

(
Nm2);

m = e f f ective mass (kg/m);
L = span o f the member (m);kn = constant representing the beam support;
kn = conditions f or the nth mode o f vibration.

Table 1. kn Coefficients for Uniform Beams.

Support Conditions
kn for Mode n

n=1 n=2 n=3

Pinned/pinned (‘simply-supported’) π2 4π2 9π2

Fixed both ends 22.4 61.7 121
Fixed/free (cantilever) 3.52 22 61.7

A simplified method to calculate the fundamental natural frequency, i.e., the lowest
magnitude of natural frequency, of a beam f is also suggested by [7]. By using the maximum
deflection δ caused by its self-weight. For a simply supported beam under UDL (kn = π2

for mode n = 1):

δ =
5mgL4

384EI
(4)

where δ is in millimetres and g is the gravitational acceleration (9.81 m/s2). Rearranging
the above equation and substituting the value of m and k1 = π2 into Equation (3):

f =
17.8√

δ
≈ 18√

δ
(5)

For this project, only the middle bay will be evaluated, the constant the for concrete
slab is determined as π2 as it is considered as pinned support for all four corners, while the
constant for primary beam and secondary beam used a value of 22.4 (as it is constrained by
the beam of surrounding bays).

In analytical calculation, the overall natural frequency of a composite beam floor sys-
tem can be calculated based on the Dunckerly’s [7] approach. Dunckerly’s [7] equation com-
bined the frequency of an individual element into the overall fundamental frequency. The
structural elements such as primary (girders) beams and secondary (joists) beams should
be considered to investigate the dynamic behavior under free vibration. This approach is
employed by AISC in Design Guide 11 [22]: Floor Vibrations Due to Human Activity.

The fundamental natural frequency of a simply-supported beam under UDL is calcu-
lated by the equation below in Design Guide 11 by AISC [22]:

fn =
π

2

[
Es It

wL4

]1/2
(6)

where
fn = f undamental natural f requency, Hz;
g = acceleration o f gravity, 9.86 m/s2;
Es = modulus o f elasticity o f steel;
It = trathe ns f ormed moment o f inertia;
w = uni f ormly distributed weight per unit length;
L = member span.
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According to Feldmann, Heinemeyer [24], the combination of natural frequency of the
system is:

1
fn2 =

1
fg2 +

1
f j

2 +
1
fs2 (7)

where
fn = f undamental f requency f or composite f loor;
fn = system;
fg = Girder f requency;
f j = Joist f requency;
fs = Slab f requency.
Both the SCI [12] and AISC/CISC [22] approaches employ similar methods in calculat-

ing the fundamental frequency of a steel–concrete composite floor. However, a combination
of vibration modes is considered in the AISC approach, whilst the effect of slab deflection
is ignored in the SCI approach.

1.1.2. Forced Vibration and Excitation

The estimation methodologies used of forced vibration under human footfall in the
US, Canada, and the UK are semi-empirical methods that are based on research dating back
to the 1970s. Similar to methods introduced in Section 1.1.1, AISC/CISC [22] and SCI [7]
have different methods of prediction that are widely adopted. Despite the differences, both
design guides have idealised the composite floor system as a single-degree-of-freedom
(SDOF) model to estimate the damping response of a composite floor system under excita-
tion. However, the damping effect was ignored during the analyses. Note also that in both
methods, the distinction between low and high fundamental frequency of the floor system
shall be made prior to the calculation of forced vibration. A high-frequency floor is defined
as ‘having a fundamental frequency greater than the fourth harmonic of walking [7].

In AISC [22] methods for low frequency floors, the design criterion for forced vibration
due to walking excitations is given in the form of a fraction of peak acceleration ap and
acceleration of gravity g:

ap

g
=

P0 exp(−0.35 fn)

βW
(8)

where
P0 = a constant f orce representing the excitation;
fn = f undamental natural f requency o f a beam; or
fn = joist panel, a girder panel, or a combined panel;
fn = i f applicable;
β = modal damping ratio;
W = e f f ective weight supported by the beam or joist;
W = panel, girder panel or combined panel; i f
W = applicable.
Corresponding value of excitation force P0 and damping ratio β are given to different

structure scenarios, as tabulated by Table 2:

Table 2. Recommended Values of Parameters in Equation (4) and ap
g Limits [7,25].

Constant Force P0 Damping Ratio β
Acceleration Limit

ap
g ×100%

Offices, Residences, Churches 0.29 kN 0.02–0.05 0.5%
Shopping Malls 0.29 kN 0.02 1.5%

Footbridges—Indoor 0.41 kN 0.01 1.5%
Footbridges—Outdoor 0.41 kN 0.01 5.0%

In Ref. [12] methods, the design criterion is given in terms of a response factor R,
which is defined as ‘the calculated weighted RMS acceleration divided by the appropriate
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base value’, given by [2]. R = 1 is the threshold of human perception and is equal to
an acceleration amplitude of 0.005 m/s2 between 4 and 8 Hz [4,5,7]

R =
aw, rms

0.005
(9)

where
aw, rms = root−mean− square (rms)response;
aw, rms = acceleration.
It assumes a resonant response to one of the harmonics of walking frequency.
For low frequency floors (3 Hz ≤ fn ≤ 10 Hz):

aw, rms = µeµr
0.1Q

2
√

2Mζ
Wρ (10)

For high frequency floors (10 Hz ≤ fn):

aw, rms = 2µeµr
185

M f00.3
Q

700
1√
2

W (11)

where
µe = the mode shape f actor at the point o f excitation, normalised to the antinode;
µr = is the mode shape f actor at the point o f response, normalised to the antinode;
Q = the weight o f a person, normally taken as 746 N;
M = the modal mass;
W = appropriate code− de f ined weighting f actor;
ρ = the resonance build− up f actor.
Further details of the variables will be explained in Sections 2.3 and 2.4. In this report,

the SCI approach will be adopted for its relatively higher frequency than the coefficient-
based AISC approach.

1.1.3. Finite Element Method in Vibration Analysis

Numerous research on the vibration behavior of composite steel–concrete floors have
been performed using FE programs including ABAQUS/Explicit, ANSYS, and LUSAS,
and were formulated based on the finite element analyses published by [8–12,26–28].

The FE approach is regarded as an approximation to the response of a whole struc-
ture since it is often broken down into sections, for example, taking a typical floor or
a portion of the structure. The accuracy is therefore limited since the FE models may not
be able to represent the behaviour in adjacent panels. According to Design of Floors for
Vibration [11,14,16] recommendations in implementing FE for vibration analyses were
listed. Features including suggested material properties, element types for each structural
element, appropriate connection types, and boundary conditions were explained, with
further details to be disclosed in Section 2.

Previous research has applied dynamic loads as pattern loads, which vary with time,
and are controlled by using parameters including load intensity, foot contact ratio, and
activity frequency and damping [29–32]. Through comparison of the predicted values
by FE models and measured natural frequencies, [26] concluded that the FE solution can
provide reasonable predictions with appropriate assumptions. In addition, [27] improved
the FE modelling approach based on the AISC and SCI approach and used it in vibration
analysis on high-frequency floors. The results were able to provide a Coefficient of Variation
(COV) of 57%, suggesting high accuracy and the possibility of implementing the FE method
in vibration analyses. Therefore, this report mainly adopts FE methods to perform the
calculation on fundamental frequencies and response factors to investigate the dynamic
behavior of composite steel–concrete floor systems under human walking load.
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2. Modelling Strategy

In this investigation, a common structural design of a 12,500 × 8400 mm 4 bay com-
posite floor system was considered as the reference model, where the concrete slab is laid
upon the primary and secondary I-beams. It was assumed that the beam connections were
rigid connections with moment resistance for simplicity in finite element modelling. The
material properties of all models were kept constant in order to make a better comparison
between results.

The computational components are divided into three main parts, including simulating
the dynamic behavior of the composite steel concrete beam floor systems under free and
forced vibration; calculating the key dynamic parameters based on the available simplified
analytical approaches suggested by the design codes; and, finally, comparison between
analytical and numerical solutions as well as extending some parametrical studies to
provide more clarification in the grey areas. The analytical solution adopted was based
on the SCI approach for both free and forced vibrations. The obtained equations could
comprehensively cover the calculation of the natural frequency of an individual element
and fundamental frequency of the composite beam floor systems, accordingly, the response
factor R is considered as an acceptance criterion.

An accurate Finite Element procedure was developed; thus, both Strand7 and ABAQUS/
CAE were used to produce theoretical modelling analyses. Some technical simplifications
were offered using STRAND 7. Beam elements were used to develop both primary and
secondary sections in a composite steel–concrete beam floor system. A shell element was
considered to simulate the flexural behavior of a reinforced concrete slab. The connec-
tions between members were idealized by simply connecting the common nodes. On the
other hand, ABAQUS/CAE was used to explicitly simulate the dynamic behavior of the
composite floor systems using solid element to develop key structural components. Thus,
it was expected that the computed results based on using Strand 7 may lead to creating
a significant error due to the idealized modelling environment.

2.1. Explaning the Modeling Procedure in (ABAQUS/CAE)

ABAQUS/CAE version 6.14 was used for this article. The floor layout was as pre-
sented in Figure 1. The specified designed sections of primary and secondary beams
are demonstrated by Figure 2. It should be noted that all designated steel sections were
designed based on the AS 4100 [19].

Figure 1. Floor Beam Layouts.
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Figure 2. Dimensions of Primary and Secondary Beams.

The concrete slab as well as primary and secondary beams were created as solid
elements C3D8R in all developed models by respecting the different geometrical conditions,
which are summarized in Table 3.

Table 3. Geometric properties under 4 categories.

Category

Length Width Number of Bays Slab Thickness

Model 1
(reference model) 12,500 mm 8400 mm 4 bays 190 mm

Model 2.1 15,000 mm
Model 2.2 10,000 mm
Model 3.1 10,800 mm
Model 3.2 6000 mm
Model 4.1 3 bays
Model 4.2 5 bays
Model 5.1 170 mm
Model 5.2 210 mm

The assigned material properties are presented by Table 4. Note that for properties of
concrete, the plastic failure requires input of both tensile and compressive behavior. The
concrete tension damage was added to simulate the cracking under dynamic impacts. The
properties used for concrete were given by [33].

Table 4. Material properties under 4 categories.

Steel Concrete

Model 460UB82 primary
beams

310UB32 secondary
beams

AS3600: 1994 concrete
f ′c = 32 MPa

Density ρsteel =
7800kg

m3 ρconcrete =
2400kg

m3

Young’s modulus Esteel = 200 GPa Econcrete = 30, 000 MPa

Poisson’s ratio νsteel = 0.3 νconcrete = 0.2
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Figure 3 illustrates a sample of the developed mesh in a simple coposite steel concrete
beam floor systems.

Figure 3. Meshed Composite Steel-Concrete Floor System.

A surface-to-surface contact between the steel beams the concrete slab was specified to
create the composite action between the engaged surfaces. A rigid connection was assumed
as the main interaction between the secondary and primary beams. In order to simulate the
effect of the impulsive loading due to effect of the human activities, a concentrated force of
746 N was applied in the middle of the concrete slab.

To undertake free vibration analysis, Lanczos eigensolver was chosen to perform the
calculation of fundamental frequency of the allocated 10 vibration modes. It was used because
it has the most general capabilities (Abaqus Analysis User’s Guide (6.14), 2020). The calculation
on forced vibration was delivered using the subsequently obtained eigenfrequency.

2.2. Explaning the Modelling Procedure in (Strand7)

The concrete slab was built as a Quad4 plate element and the primary and secondary
beams were developed by using Beam2 elements, which are available in the STRAND
7 library. The assigned cross-sections of the developed primary and secondary beams are
the same as the reported dimensions in Figure 4. The connection between concrete slab
and beams was created through connecting common nodes; therefore, the orientations of
beams were not exactly under the edge of slab, but the concrete slab lies on the mid-flange
of beams. The same material properties tabulated in Table 4 were applied to the models in
the Strand7, by respecting the same boundary conditions (pinned supports) where it was
applied to the beams.

Figure 4. Dimetric View of Reference Model in Strand7.

The natural frequency solver, which is available in the STRAND 7, was utilized to
derive the fundamental frequencies and vibration modes. In the current research, only
10 vibration modes were requested. Footfall analysis was used to simulate the induced
vibration due to applied dynamic load when pedestrians walk on the composite slab. The
simulation does not include the static weight of pedestrians. The dynamic load factor (DLF)
is the ratio between the dynamic force and static force. Both fundamental frequencies and
the calculated response factors from footfall analyses were thereby used to compare with
ABAQUS/CAE and analytical solution.
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Table 5 was input into the model to solve the Fourier’s harmonic functions under
four different walking frequencies. The vibration only occurs in the z-direction, with no
influence in the x and y directions. There are three aspects that experimenters focused on
the investigation outcomes: response factor, acceleration, and displacement.

Table 5. Dynamic loading factor vs. frequency table data.

Table Name Frequency (Hz) Factor (Design DLF)

First Harmonic Design DLF

1 0.0205

2.316 0.56

2.8 0.56

Second Harmonic Design DLF
2.0 0.0802

5.6 0.10036

Third Harmonic Design DLF
3.0 0.0522

8.4 0.08676

Fourth Harmonic Design DLF
4.0 0.039

11.2 0.0858

2.3. Analytical Explnation (Calculating Natural Frequency)

The following assumptions were applied to the boundary conditions in the different
structural components. The Primary beam supports are considered as pinned supports;
therefore, they were restricted in translational but free in rotational. The secondary beams
are modelled as fixed supports where they were restricted in both translational and rota-
tional actions. The Concrete slabs were supported as the fixed supports where they were
restricted in both translational and rotational conditions. In order to enhance the accuracy
of the suggested analytical solution, the effect area of the primary and secondary beams
was taken into account.

Computing the Fundamental Frequency of the Composite Floor System

In the SCI method, there are two modes, called A and B, which are used to calculate
the final fundamental natural frequency for the developed composite steel–concrete beam
floor systems, and the lowest computed natural frequency between two obtained modes
was adopted as a govern mode.

Mode A: secondary beam mode, where the primary beam forms nodal lines (which
means zero deflection) and the secondary beams vibrate as simply supported members. The
slab is assumed to be continuous over the secondary beams and a fixed-ended condition
is used.

Mode B: Primary beam mode, where the primary beams vibrate about the columns as
simple-supported members (as shown in Figure 5) and the secondary beams and slab are
taken to be fixed-ended.

Figure 5. Mode A and Mode B (SCI Design Guide).
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The main governing equation to calculate the fundamental frequency is function of
the maximum deflection, thus,

f =
17.8√

δ
≈ 18√

δ
(12)

where f is the fundamental natural frequency and δ is the maximum deflection.
According to SCI, the deflection for different framing arrangements can be calculated

by the following equation:
Mode A (for all types):

δA =
mgb
384E

×
(

5L4

Ib
+

b3

Is

)
(13)

where
m = the distributed floor loading (kg/m2);
E = the elastic modulus of steel (N/m2);
Ib = the composite second moment of area of the secondary beam (m4);
Is = the second moment of area of the slab per unit width in steel units

(
m4/m

)
.

Mode B:
(a) Framing arrangement for 2 bays:

δB =
mgb
384E

×
(

64b3L
Ip

+
L4

Ib
+

b3

Is

)
(14)

(b) Framing arrangement for 3 or more bays:

δB =
mgb
384E

×
(

368b3L
Ip

+
L4

Ib
+

b3

Is

)
(15)

where Ip is the composite second moment of area of the primary beam (m4).
Deflection selection: The lowest value from the maximum deflection from Mode A

and B is chosen; furthermore, the critical dimensions in the concrete slab including b and L
is illustrated in Figure 6.

Figure 6. Framing arrangement type (SCI Design Guide).

Moreover, to identify the second moment area of the composite steel–concrete beam, it
is essential that the effective width value be clarified and can be calculated by the following
equation, which is mentioned in AS2327 [33] Figures 7 and 8:

be1 = min
[ Le f

8
;

b1

2
;

bs f 1

2
+ 8Dc

]
(16)
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be2 = min
[ Le f

8
; b2 ;

bs f 1

2
+ 6Dc

]
(17)

be1 = min
[ Le f

8
;

b1

2
;

bs f 1

2
+ 8Dc

]
(18)

be2 = min
[ Le f

8
; b2 ;

bs f 1

2
+ 8Dc

]
(19)

Figure 7. The effective width of composite steel–concrete edge beam [33].

Figure 8. The effective width of composite steel–concrete internal beam [33].

ρ = the resonance build− up f actor:

ρ = 1− exp
(−2πζLp fp

v

)
(20)

where
Lp = the length of the walking path;
fp = Pace f requency range f or design :

1.8 Hz ≤ fp ≤ 2.2 Hz

Recommended Design pace frequency:

fp = 1.8 Hz

v = the velocity o f walking.
Bachmann and Ammann (SCI Design Guide) presented a relationship between fre-

quency and velocity that can be approximated by the following equation:

v = 1.67 fp
2 − 4.83 fp + 4.50 (21)

where bs f 1 is the width of flange, Le f is the span of the beam, and Dc is the thickness of the
concrete slab; the e f f ective width = be1 +be2.

2.4. Analytical Solution (Forced Vibration Effect)

After finding out the fundamental frequency of the composite floor system, the dy-
namic response can be calculated by using the formula in SCI:
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Response Factor:

R =
aw, rms

0.005
(22)

The vibration response is considered to be satisfactory for continuous vibrations
when the corresponding calculated response factor does not exceed the criteria value. The
response factor is the ratio between the calculated weighted rms acceleration and base
value, where aw, rms = root−mean− square [rms] response acceleration.

It assumes a resonant response to one of the harmonics of walking frequency and base
value equal to 0.005 in the z-axis direction.

For low frequency floors (3 Hz ≤ fn ≤ 10 Hz):

aw, rms = µeµr
0.1Q

2
√

2Mζ
Wρ (23)

For high frequency floors (10 Hz ≤ fn):

aw, rms = 2µeµr
185

M f00.3
Q

700
1√
2

W (24)

where
µe = the mode shape f actor at the point o f ;
µe = excitation, normalised to the anti− node;
µr = is the mode shape f actor at the point o f ;
µr = response, normalised to the anti− node.

µe or µr = sin
(

π
z
L

)
However, if the response and excitation point are unknown, µe and µr can conserva-

tively be taken as 1.
Q = the weight o f a person, normally taken as 746 N;
Q =

(
76 kg × 9.81m/s2);

v = 1.67× 1.82 − 4.83× 1.8 + 4.50 = 1.2168 m/s2;
W = appropriate code− de f ined weighting f actor;
W = f or human perception o f vibrations;
W = based on the f undamental f requency f0.
To determine the frequency weighting factor (W) value, the Figure 9 will be used,

which is mentioned in SCI. Let the frequency combined weighting in the x-axis equal to our
fundamental frequency fn, then according to the curve, the corresponding weight factor W
can be found.

M = the modal mass

M = mLe f f S (25)

where
Leff = the e f f ective f loor length;
s = the effective floor width;
m = the floor mass per unit area including dead load and imposed load;
Le f f and s can be calculated by following equations.
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Figure 9. (a) Weighting factor diagram; (b) Critical damping ratio form [7].

For floor using down stand beams with shallow decking Figure 10:

Le f f = 1.09(1.10)ny−1 ×
(

EIb
mb f 2

n

) 1
4

Le f f ≤ nyLy (26)

ny = the number o f bays
(
ny ≤ 4

)
in the direction; o f

ny = the secondary beam span;
Ly = the span o f the secondary beams (Figure 3.4.2).

Figure 10. Definition of variables used to establish effective modal mass [7].

S = η(1.15)nx−1
(

EIs

m f 2
n

)
1
4 S ≤ nxLx (27)

where
Lx = the span o f primary beam;
nx = the number o f bays in the direction; o f the
nx = primary beam span;
η = a f actor that accounts f or the in f luence; o f
floor frequency on the response of the slab.
For floors using slim floor beams with deep decking:
Similar parameters but different expression:

Le f f = 1.09×
(

EIb
mLx f 2

n

) 1
4

Le f f ≤ nyLy (28)

S = 2.25×
(

EIs

m f 2
n

)
1
4 S ≤ nxLx (29)
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So far, the weighted RMS acceleration aw, rms can be worked out. Once the values of
the aw, rms has been determined, the value of the response factor can be found, and this
value should not exceed the acceptance criteria(Table 6).

Table 6. Frequency factor η (SCI Design Guide).

Fundamental Frequency, f0 η

f0 < 5 Hz 0.5

5 Hz < f0 < 6 Hz 0.21 f0 −0.55

f0 > 6 Hz 0.71

Normally, walking activities are not continuous, they are intermittent. Therefore, if the
response factor is higher than the acceptance criteria, then the effect of intermittent vibra-
tions needs to be considered and the vibration dose values (VDVs) need to be calculated.

VDV = 0.68× aw, rms × 4
√

naTa (30)

where
Ta = the duration of an activity;
na = the number of times the activity will take place in an exposure period.
In other words, the acceptable number of times an activity can occur in an exposure

period can be calculated by:

na =
1
Ta

(
Acceptable VDV

0.68× aw, rms

)4
(31)

3. Comparing the Obtained Numerical and Analytical Solutions

The first 10 simulated modes obtained from ABAQUS/CAE and Strand7 were calcu-
lated and compared with the presented analytical solution. The following section compares
all the results from the presented methods to determine the effect of the different struc-
tural layouts on calculating the fundamental frequencies and response factor of composite
steel–concrete floor systems.

3.1. The Effect of the Length of the Primary Beams

The corresponding fundamental frequencies of models in category 1, which is classified
in Table 7. As indicated, the trend of frequency variation is a function of the length of the
primary beams. As is demonstrated in Figure 11, the simulated results in both Strand7 and
ABAQUS suggested that the calculated fundamental frequency decreases by increasing the
length of the primary beams. The same trend was reported by the SCI design code. It should
be noted that there is a better agreement between the simulated values by ABAQUS/CAE
and SCI guidelines.

Table 7. Comparison of Fundamental Frequency between Different Primary Beam Lengths.

Strand7 ABAQUS SCI Approach

Model 2.2
(10,000 mm) 3.4732 Hz 5.9383 Hz 5.84 Hz

Reference
(12,500 mm) 2.4991 Hz 4.9039 Hz 4.2 Hz

Model 2.1
(15,000 mm) 1.8188 Hz 3.9784 Hz 3.06 Hz
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Figure 11. Comparison of the Fundamental Frequency by respecting to the different length of the
primary beams.

3.2. The Effect of the Secondary Beams

The corresponding fundamental frequencies of models in category 2 are as shown in
Table 8, the trend of frequency variation with the increase in primary beam length is as
shown in Figure 12. Both Strand7 and ABAQUS solutions suggest that the fundamental
frequency decreases with secondary beam length, and the SCI approach displayed sim-
ilar behavior as well. Note that the SCI approach is closer to the solution obtained by
ABAQUS/CAE, which suggests that the SCI approach is more accurate relative to Strand7.

Table 8. Comparison of Fundamental Frequency between Different Secondary Beam Lengths.

Strand7 ABAQUS SCI Approach

Model 3.2
(6000 mm) 2.8848 Hz 6.7605 Hz 5.16 Hz

Reference
(8400 mm) 2.4991 Hz 4.9039 Hz 4.2 Hz

Model 3.1
(10,800 mm) 2.0726 Hz 3.4352 Hz 3.37 Hz

Figure 12. Comparison of the calculated Fundamental Frequency and the length of the secondary beams.
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3.3. The Effect of Number of Bays

The reported fundamental frequencies of models in category 3 are as shown in Table 9,
and the trend of frequency variation with the increase in primary beam length is as shown in
Figure 13. Both Strand7 and ABAQUS solutions suggested that the fundamental frequency
barely varies with the number of bays, yet the SCI approach displayed different behavior.
Further detailed discussion on the discrepancy is contained in Section 4: Discussion.

Table 9. Comparison of Fundamental Frequency between Different Numbers of Bays.

Strand7 ABAQUS SCI Approach

Model 4.1
(3 bays) 2.4988 Hz 4.7509 Hz 3 Hz

Reference
(4 bays) 2.4991 Hz 4.9039 Hz 4.2 Hz

Model 4.2
(5 bays) 2.4976 Hz 5.025 Hz 5.84 Hz

Figure 13. Comparison of Fundamental Frequency between Different Numbers of Bays.

3.4. Effect of Slab Depths to Fundamental Frequency

The corresponding fundamental frequencies of models in category 4 are shown in
Table 10, and the trend of frequency variation with the increase in slab depths is as shown in
Figure 14. Both Strand7 and ABAQUS solutions suggested that the fundamental frequency
barely varies with the depth of the slab, and the SCI approach displayed similar behavior.

Table 10. Effect of Slab Depths to Fundamental Frequency.

Strand7 ABAQUS SCI Approach

Model 5.1
(170 mm) 2.43 Hz 4.82 Hz 4.24 Hz

Reference
(190 mm) 2.4991 Hz 4.90 Hz 4.2 Hz

Model 5.2
(210 mm) 2.59 Hz 4.99 Hz 4.18 Hz
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Figure 14. Comparison of Fundamental Frequency between Different Slab Depths.

3.5. Effect of Primary Beam Length to Response Factor

The corresponding response factors of models in category 1 are shown in Table 11,
and the trend of response factor variation with the increase in primary beam lengths is as
shown in Figure 15.

Table 11. Comparison of Response Factor between Different Primary Beam Lengths.

Strand7 ABAQUS SCI Approach

Model 2.2
(10,000 mm) 7.01 12.7180 3.05

Reference
(12,500 mm) 38.5 2.2698 2.48

Model 2.1
(15,000 mm) 21.6 4.8491 2.24

Figure 15. Comparison of Response Factor between Different Primary Beam Lengths.

Despite the huge error in both numerical methods, it can be seen that the response
factor decreases with an increase in the length of primary beams, and ABAQUS shows
a closer result to the SCI approach.



Buildings 2022, 12, 320 18 of 25

3.6. Effect of Secondary Beam Length to Response Factor

The corresponding response factors of models in category 2 are shown in Table 12,
and the trend of response factor variation with the increase in secondary beam lengths is as
shown in Figure 16. Despite the huge error in both numerical methods, it can be seen that
the response factor decreases with an increase in length of primary beams, and ABAQUS
shows a closer result to the SCI approach.

Table 12. Comparison of Response Factor between Different Secondary Beam Lengths.

Strand7 ABAQUS SCI Approach

Model 3.2
(6000 mm) 12.9 8.5418 3.18

Reference
(8400 mm) 38.5 2.2698 2.48

Model 3.1
(10,800 mm) 31.1 4.8491 2.27

Figure 16. Comparison of Response Factor between Different Secondary Beam Lengths.

3.7. Effect of Number of Bays to Response Factor

The corresponding response factors of models in category 3 are shown in Table 13,
and the trend of response factor variation with the increase in a number of bays is as
shown in Figure 17. Despite the huge error in both numerical methods, both Strand7
and SCI methods suggest that the response factor barely varies with the increase in the
number of bays in the floor system. The great error in ABAQUS will be explained in the
following sections.

Table 13. Comparison of Response Factor between Different Number of Bays.

Strand7 ABAQUS SCI Approach

Model 4.1
(3 bays) 38.7 8.2731 2.66

Reference
(4 bays) 38.5 2.2698 2.48

Model 4.2
(5 bays) 39.1 4.9780 2.42
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Figure 17. Comparison of Response Factor between Different Bays Number.

3.8. Effect of Slab Depth to Response Factor

The corresponding response factors of models in category 4 are shown in Table 14, the
trend of response factor variation with the increase in slab depth is as shown in Figure 18.
Whilst ABAQUS continues to display great discrepancy to Strand7 and displayed no
similar linear trend to that of Strand7 and the SCI approach, the Strand7 solution displayed
opposite behavior to the SCI approach. The error in both numerical methods has resulted
in an unreliable result.

Table 14. Comparison of Response Factor between Different Slab Depths.

Strand7 ABAQUS SCI Approach

Model 5.1
(170 mm) 38 9.0793 2.75

Reference
(190 mm) 38.5 2.2698 2.48

Model 5.2
(210 mm) 40 8.7116 2.19

Figure 18. Comparison of Response Factor between Different Slab depths.

3.9. Error Analysis—Fundamental Frequency

The results from ABAQUS are considered to have the most comprehensive and accu-
rate values, and a comparison is made between ABAQUS and Strand7 and SCI approaches.
As the relative error shows above, the Strand7 results have an approximate average of
49% error, which is unreasonable and unreliable. Thus, Strand7 is not suitable to simulate
a composite floor design. However, the analytical solution using the SCI approach gives
a much smaller average error compared to Strand7. The SCI method has an average error
of 21%. Although the average difference is not ideal, it is, however, much smaller than the
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Strand7 result. For design purposes, ABAQUS is the priority selection in composite floor
design, compared to Strand7 and the analytical solution.

Table 15 presented calculated error of the analysis in different methods because of the
length of the primary beams.

Table 15. Possible error between different approaches (change in primary beam length).

Strand7 SCI Approach

Model 2.2
(10,000 mm) 42% 48%

Reference model
(12,500 mm) 49% 14%

Model 2.1
(15,000 mm) 54% 47%

Average 48% 36%

Also, the same approach was applied to calculate the possible error due the changing
of the secondary beams. It was summarized by Table 16.

Table 16. Possible error between different approaches (change in secondary beam length).

Strand7 SCI Approach

Model 3.2
(6000 mm) 57% 24%

Reference model
(8400 mm) 49% 14%

Model 3.1
(10,800 mm) 40% 2%

Average 49% 13%

Furthermore, Tables 17 and 18 demonstrated the possible errors as a result of the
number of bays as well as changing the thickness of the concrete slab.

Table 17. Possible error between different approaches (change in a number of bays).

Strand7 SCI Approach

Model 4.1
(3 bays) 47% 37%

Reference model
(4 bays) 49% 14%

Model 4.2
(5 bays) 50% 16%

Average 49% 22%

Table 18. Possible error between different approaches (change in slab thickness).

Strand7 SCI Approach

Model 5.1
(170 mm) 50% 12%

Reference model
(190 mm) 49% 14%

Model 5.2
(210 mm) 48% 16%

Average 49% 14%



Buildings 2022, 12, 320 21 of 25

3.10. Error Analysis—Response Factor

The results from the SCI method are considered to have the most reliable and accurate
values in the response factor calculation, and a comparison is made between the SCI
approach and Strand7 and Abaqus.

As the relative error above shows, both Strand7 and ABAQUS present a large error in
comparison with SCI approach (Please see Tables 19–22).

Table 19. Possible error between different approaches (change in primary beam length).

Strand7 ABAQUS

Model 2.2
(10,000 mm) 130% 317%

Reference model
(12,500 mm) 1452% 8.5%

Model 2.1
(15,000 mm) 864% 116%

Average 815% 147%

Table 20. Possible error between different approaches (change in secondary beam length).

Strand7 ABAQUS

Model 3.2
(6000 mm) 306% 169%

Reference model
(8400 mm) 1452% 8.5%

Model 3.1
(10,800 mm) 1270% 114%

Average 1009% 97.2%

Table 21. Possible error between different approaches (change in number of bays).

Strand7 ABAQUS

Model 4.1
(3 bays) 1355% 211%

Reference model
(4 bays) 1452% 8.5%

Model 4.2
(5 bays) 1516% 106%

Average 1441% 108.5%

Table 22. Possible error between different approaches (change in slab thickness).

Strand7 ABAQUS

Model 5.1
(170 mm) 1282% 230%

Reference model
(190 mm) 1452% 8.5%

Model 5.2
(210 mm) 1726% 298%

Average 1486% 178%

The Strand7 results have an approximate average of 1180% error, which is completely
unreasonable and unreliable. Thus, Strand7 is not suitable to simulate a composite floor
design. However, the analytical solution using ABAQUS gives a much smaller average
error compared to Strand7. The ABAQUS has an average error of 130%. Although the
average difference is not ideal, it is much smaller than the Strand7 result. For design
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purposes, the SCI approach is the priority selection in composite floor design, compared to
both the numerical methods of Strand7 and ABAQUS.

4. Discussion about the Obtained Results
4.1. Effect of Steel Beam Lengths

According to the Governing equation, which was mentioned in Section 2.3:

f =
17.8√

δ
≈ 18√

δ
(32)

where f is the fundamental natural frequency and δ

δA =
mgb
384E

×
(

5L4

Ib
+

b3

Is

)
(33)

δB =
mgb
384E

×
(

368b3L
Ip

+
L4

Ib
+

b3

Is

)
(34)

In order to obtain a precise fundamental natural frequency value, there are two ap-
proaches to determine the maximum deflection of the beam, which are defined as Model A
(δA) and Model B(δB).

According to the SCI, the minimum computed values value between Mode A and
Mode B would be the governing frequency. It is clear cut that there is an inverse relationship
between the length of the beams and the calculated natural frequency regardless of the
position of the beam in the composite steel–concrete beam floor systems.

Based on the presented results in the Figures 11 and 12, there is a similar trend in both
simulated results by Strand7 and ABAQUS. As the fundamental frequency decreases with
an increase in beam length, so the floor system is more susceptible to adverse free vibration
with longer spans.

When it comes to evaluating the response factor, the SCI method suggested that the
response factor decreases by increasing the length of the primary beams; thus, it would be
less susceptible against the effect of the forced vibration.

Despite the huge error in both numerical methods, it can be seen that the response
factor shows the same trend as the SCI method, and ABAQUS shows a closer result to the
SCI approach, which is acceptable.

4.2. Effect of Number of Bays and Slab Depth

As illustrated in Figure 13, both the Strand7 and ABAQUS models suggest that the
number of bays does not have significant influence on the floor nature frequency. However,
the SCI approach suggests an opposite relationship, as the number of bays increased from
three to five, the floor fundamental natural frequency value almost doubled.

Considering the two-computing software models, both suggest the same relationship,
while the SCI method suggests otherwise. This may be caused by the conservative calcu-
lation for the SCI; as a standard method, the SCI method may calculate more cautiously
to ensure its authority and applicability. In addition, the SCI standard only mentions the
clear calculation formulae for two or three bays. The four bays or five bays calculation
method is conservatively assumed to be the same as three bays’ method in this report. This
assumption may cause the SCI result to be different from the other two methods as well.
As the SCI outcome is performed manually, it contains some human calculation errors also.
Moreover, the cross-sectional deflected shape of the beam may change into an irregular
shape, which may also influence the behavior of the beam, but the SCI method does not
consider this factor. Nevertheless, the outcome of the SCI method appears closer to the
ABAQUS values, which are considered the most comprehensive and accurate values in this
report. Therefore, similar to the ABAQUS value, the outcome of the SCI method is also
reasonable and acceptable in the comparison of the effect for the various bays’ numbers.
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As for the effect of changing slab depth, the outcome is straightforward. Figure 14
illustrates when the slab thickness changes from 170 to 210 mm, all the models suggest the
floor’s fundamental natural frequency barely changes.

4.3. The Effect of Connections on the Different Analysis

The suggested method to create connection between the primary and secondary beams
by ABAQUS, is illustrated in Figure 19. A tie contact was defined to simulate the interaction
between the primary and secondary beams. Defining a tie contact cannot provide a full
interaction between the engaged element; however, it can be an acceptable simplified
method. The trend to apply the same approach to determine the interaction between the
structural members was taken into account in modelling Strand 7.

Figure 19. Left: Beam Connections in ABAQUS/CAE; Right: Beam Connections in Reality.

In the primary and secondary beams, the connection between members was idealized
in Strand7 models, where the beam members were considered connected if they were laid
on the same node.

5. Significant Conclusions

In the current research, an accurate Finite Element technique to simulate the dy-
namic behavior of the composite steel–concrete beam systems under free and impulsive
loading condition were developed. Different commercial Finite Element codes including
ABAQUS/CAE and Strand 7 were employed to undertake the suggested simulations.

In order to validate the developed Finite Element Methods, a practical available
analytical solution based on the suggested methods by SCI [7,10,12,25] was systematically
compared. Special attention was devoted to determining the relevant acceptance confidence
interval in the suggested design methods.

Based on the obtained numerical simulation, a unique mathematical relationship
between the different designated composite floor system structural layouts, and the com-
puting of the fundamental frequencies, as well as the response factors, were acquired.

It was found that the lengths of primary and secondary beams can influence noticeable
effects on the fundamental frequency. The natural frequency of the beams in the com-
posite systems is decreased by increasing the length of the simulated beams. However,
it is also demonstrated that the number of bays and the depth of slab dose not impact
significant effects on the fundamental frequencies of the reinforced concrete slab individu-
ally. On the other hand, it was shown that the depth of the slab and the number of bays
were insignificant factors in designing the composite floor systems when subjected to the
impulsive loading.

In summary, the design of composite steel–concrete floor system requires careful
selection of the span of primary and secondary beams to limit the fundamental frequency
and response factors of the floor system, thereby avoiding the resonance to human walking
activity. It was also found that the computed fundamental frequencies ranging between 1.8
and 2.2 Hz can be classified as the critical region when it comes to designing composite
beam floor systems.

Further studies are explicitly suggested regarding designing the dynamic behavior of
composite steel–concrete floor systems subjected to an arbitrary dynamic load.
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Special attention should be devoted to numerically evaluate the effect of the different
types of the steel connections on the computed natural frequencies in the composite steel-
concrete beam floor systems.
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