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Abstract. For the goal of construction simplicity, when considering the addition of an
intermediate diaphragm (ID) to the bridge deck construction, particularly for beam-to-slab
bridges, the majority of engineers were found to be passive. This took place as a result of the
perception that ID does not significantly contribute to improving structural capacity, particularly
for bridge deck structures and structurally as a whole. The constructability issue now is also
playing an issue for this beam-to-slab bridge, which has been thought to slow down the
construction speed since its location in the middle of the span is an unsupported region, which
makes it a bit difficult to fix and cast both reinforcement and concrete. As a result of the
omittance of ID, adverse impacts have taken place on the beam slab bridge, particularly on the
medium span where moderate vibration has been triggered, which is categorized as minor
resonance due to traffic crossing, primarily big trucks being loaded, on the bridge deck itself.
The results of the numerical study using Abaqus software, it was revealed that the presence of
ID improved the vibration level in terms of acceleration and natural frequency, resulting in
significant improvements in riding comfort.

1. Introduction

An intermediate diaphragm (ID) in a bridge is a structural member designed as a secondary member to
brace the main girders from excessive deflection and rotation due to the eccentric load of the vehicle
wheels. In addition, ID had also been applied to stiffen the bridge deck structure in resisting collision
impact from traffic load of either heavy trucks or passenger cars [1], [2]. There are cases where ID had
extensively been used in beam-to-slab bridges to facilitate the distribution of bending moment and shear
force from the live load. AASHTO had stipulated the usage of ID in bridge design [3]-[5]. Usually, this
ID member is arranged within the span of the bridge. Presently, there are no regulations in terms of
spacing, sizing and number of IDs in the bridge span provided by the Code of Practice [6]. Thus, any
practising or implementation on the application of ID against the bridge deck in terms of spacing and
sizing is based on the designer's judgment through the structural detail analysis. There are cases where
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the partial depth of ID was applied to the bridge deck for the sake of the load distribution mechanism
[71, [8]. In the past event, the end diaphragm had been affected by seismic loading which caused
structural cracking, thus affecting the overall performance of the bridge [9]. This gives some indication
that the diaphragm was playing a vital role in the structural load distribution. Previous studies had also
concluded that the stiffness of the diaphragm could influence the strain of the bridge girder and its
distribution factors among the girders. Bridges with ID had magnified significantly the distribution
factor of the girders up to 25% and can also reduce the lateral horizontal force among the shear
connectors in steel bridges [10]. However, in this study, the full depth of the diaphragm was adopted as
a constant parameter since it was established to reduce the maximum strain on the girder compared with
the partial depth of the diaphragm [11]. The aims and objectives of this study are as follows: (1) To
determine whether the current level of vibration caused by the daily traffic load is affecting the
serviceability of the existing concrete bridge, (2) To establish a numerical model of the concrete bridge
deck based on the field measurement vibration data for dynamic assessments, (3) To identify, in
accordance with code of practice recommendations, the ideal size of the intermediate diaphragm for
managing the dynamic response magnitude (vertical acceleration and frequency), (4) To carry out a
parametric analysis taking into account the influence of the intermediate diaphragm beam on the bridge
deck's vibration behaviour.

2. Effects of Vibration on Bridge Structure

It is significant to know what effects and consequences of vibration induce/incur on the bridge structure.
According to the structural dynamic principle, whenever a structure such as a bridge is imposed with a
dynamic or moving load, where the frequency loading is much higher than the natural frequency of the
bridge, vibration phenomenon will take place being oscillated by itself. This phenomenon is sometimes
dubbed as resonance, where it can be felt due to the effect from road users or pedestrians passing through
the affected bridge. The vibration on the structure behaves as a ‘dancing act’ if the difference between
the loading frequency and natural vibration is high. There have been multiple examples documented
about the possibility of vibration approaching the bridge endangering the comfort of bridge users. [12],
[13]. When this vibration event was repeatedly triggered without any corrective action, the bridge
eventually failed and collapsed, reaching a catastrophic level. [12], [14]. Additionally, a bridge that is
vibrating continuously is prone to undergo fatigue, which leads them to continue deforming
significantly. This issue could cause a structure to be unable to withstand the specified loadings due to
a lack of elastic capacity. [15], [16]. It has been researched and proven that vibrations can move an
elastomeric rubber bearing from where it is meant to be. For beam-to-slab bridges, this frequently
occurred. [17]-[19]. This information is sufficient to make us aware of the vibration concern and to raise
the alarm that it has to be addressed to prevent future catastrophic failures. Further, this vibration may
be caused by the bridge's pier and deck slab shaking, which caused other attached auxiliary components
including rail steel, expansion joints, and road signage to move away from their positions on the bridge.
[19]-[21]. Additionally, vibration, especially for beam slab bridges, may cause expansion joints to make
unwanted noise in addition to causing localised stress on bridge girders that are subject to wheel loads.
[14], [17], [18], [20].

2.1 Factors of Vibration Generation

In dynamic principle, if the excitation frequency is more than the natural frequency of the object, the
structure will oscillate or vibrate, which is also known as resonance. During this resonance, the vibration
amplitude is at maximum level [22], [23]. As for external factors, there are many causes for the structure
to vibrate. One of them is due to the thin depth dimension which it may result the structure becoming
‘soft’ and flexible. If there is much flexibility, the structure is prone to excessive deflection and also the
frequency of the structure becomes lesser [12]. Based on Eq. (1), frequency is a function of the structure
stiffness, given as:

Frequency, /= Lk (1)

2mr m
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where k is structure stiffness and m is the mass of the structure.

Another external factor for the bridge structure to vibrate is due to the dynamic loading carries by the
traffic load. These dynamic loading that generates vibration includes braking of the vehicles, skidding
force, speeding of the vehicles and vehicle cornering when taking the curvature of the road alignment.
In addition, human motion such as walking or running in mass crowds could also contribute to the
vibration of the bridge. Strong wind known as the sway-effect is also contributing to the vibration of the
bridge. Structure deterioration such as cracks may contribute to vibration due to the change in the
structure system from stiffness and mass reduction [12], [24]. This will in time modify the frequency
characteristic of the structure leading to excessive deformation. It has been studied by previous
researchers [25]-[28]that the damping of structure material does affect the performance of the structure
towards loading excitation. The following Eq. (2) gives the relationship between material and damping
magnitude:

Damping, { =2 VKM 2)
where K is structure stiffness and A is the mass of the structure

If the structure stiffness or mass is high, then the damping magnitude would be high. The damping effect
can make the structure more resistant to external force [16]. Eq. (3) from the new Raphson equation also
known as the motion equation explained the relationship between damping and external force:

Ma+ Cv+ Kx = F(f) 3)

Where M is the mass of the structure, a is gravitational acceleration, C is the structural damping, V'
is structure velocity, K is structure stiffness, x is the displacement of the structure due to external force
and F(?) is the external force.

The application of rubber bearing on the beam-to-slab bridge is another factor that contributes to the
vibration on the bridge structure. Studies done by Tsubomoto et. al. [17] and Kawatani et. al. [25] found
that having elastomeric rubber bearing in a bridge resulted to more vibration in the superstructure if it
is designed with high damping material. Besides that, rubber bearing able to change the natural
frequency of the bridge, thus influencing the vehicle bridge interaction [30]. There are many beam-to-
slab bridges using this bearing device for accommodating horizontal movement due to the expansion
and contraction of the bridge, especially at the beam structure. Roadway imperfection factor contributing
to vibration issue is very straightforward to be comprehended because it can be visualized and observed
directly. If the road quality is poor, drivers can directly feel more vibration to the car driving onto these
improper road surfaces [22].

3.0 Significance of Study

The importance of this study is to investigate and comprehend the effect of the intermediate diaphragm
on the vibration control of the bridge deck concerning the parametric study. The vibration outputs are
acceleration and natural frequency. These outputs are important parameters for vibration measurement
which had been stipulated in most codes of Practices (refer to Table 1 and Figure 1). Bridge vibration
is generated primarily from the wheel load of moving vehicles. This wheel load can either be acted as a
series of point loads between the girders or positioned directly onto the girder itself so that it can be
deflected or rotated about its axis and hence vibrate elastically.
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Figure 1. Acceptability of vibration in codes for bridges [31].
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According to this mechanism action, this movement translated as rotation and deflection of
the beam mainly at mid-span led to the vibration phenomenon. This vibration is also known as the
dynamic response as a result of excitation load from the moving vehicles above the series of girders.
Moreover, the location of the wheel loads situated eccentrically between these girders can also magnify
the vibration effect. Therefore, the effective way to mitigate this vibration issue is by incorporating 1D
so that the torsional rigidity of the main girders may increase. At the same time, any movement or
deflection of the main girders may be reduced with respect to the defined parametric study. Currently,
there are no standard regulations and procedures available in any Codes of Practice and buildings
manuals stipulating the methods on how ID to be ensembled into the bridge structure in terms of sizing,
number of ID, location within the span and spacing between the ID (if more than one). This confirmatory
procedure is essential for the Designer to arrange the specification of ID in bridge design as well as to
optimize its contribution when resisting the transient loads. This study is also an attempt to fill the
research gap by numerically studying the behaviour of IDs of the beam-to-slab bridge under traffic
loads. Moreover, suggestions for the design in terms of location within the span, thickness and number
of IDs are to be made.

3.1 Parametric Study
The parameter of ID to cater for this issue is the thickness of the ID at 300 mm which is the location of
ID in the bridge deck solely at the mid-span of the bridge deck. (as shown in Figure 2).

Figure 2. View of bridge deck underneath with
arrangement of a single ID.

il

=

Figure 3. Typical reinforcement detail for ID.

Meanwhile, the ID depth is fixed at 2150 mm (refer to Figure 3) where same height as the girders (As
shown in Figure 4).
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Figure 4. Dimension details of the girder.

3.2 Bridge Detail Descriptions

The entire length of the project is approximately 3 km and consists of four (4) slip-roads. Along the

highway stretch, there is one area where a bridge is required to support the road alignment at two (2)
routes of slip road 2 and slip road 3. (refer to Figure 5 and Figure 6).
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Figure 5. Location plan of the bridge.
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Figure 6. Bridge aerial view.

This bridge system was made featuring as in Table 2 :
Table 2: Components type of bridge system

Bridge Components

Characteristics

1. Superstructure :
Precast concrete girder
Girder spacing
Prestressing system (VSL)

Strands size

Strands wire breaking load
Estimated losses
Humidity environment
Stressing condition

Slab

2. Substructure :
Bearing device

Expansion joint at the abutment
Support system

Pile depth

T-beam with in-situ casting.

2.20 m c/c orthogonal arrangement.

3 nos. post-tensioned (each girder) with super low
relaxation (1860 N/mm? ultimate strength)

7 wires of 15.2 mm diameter.

261 kN at the ultimate stage.

22.5 % both short and long term

70% - 80%.

75 % of ultimate strength in 2 stages of stressing
at day 7 and day 28 (transfer).

Reinforced concrete in-situ with 180 mm
thickness.

80 mm thick elastomer rubber bearings with 5
number of 4.0 mm steel plates. (600 mm x 350
mm).

Transflex with modular joint type.

4 number with 1.50 m diameter in-situ bored-piles
at abutments and 3 number at the intermediate
pier.

18 m — 45 m from cut-off level to toe of the pile.
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Figure 8. Typical pier cross-section.

Underneath the prestressed girders, elastomer rubber bearings with 80 mm in total thickness and
coupled with resin mortar were applied to allow the horizontal movement of the RC bridge deck due to
temperature and load effect (as shown in Figure 8). There are 2 nos of End diaphragms that were built
for each deck span. Figure 9 shows the arrangement of the end diaphragms underneath the bridge.
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Figure 10. Physical view of bridge underneath.

4.0 Vehicle Bridge Interaction (VBI)

The dynamic responses of the interaction VBI system in this study is simulated using the finite element
approach. The VBI system is first given the general equations of motion in a matrix form. Then, the
penalty method (in contact interaction) is introduced to solve the interaction between the vehicle and the
bridge. Next, to solve the equations of motion, the time integration method is presented. It is important
to note that the penalty method and the time integration method are both now supported by ABAQUS.
The dynamic equation for the coupled VBI system can be written as:

Ml{a® } +[Cl{v* } + [K]{u'} = {F} “

where M, C and K denote the mass, damper, and stiffness matrices of the whole system, respectively.
K is a stiffness matrix with respect to the virtual springs between the contact parts. Meanwhile,
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{at},{v'}and {u'} denotes the acceleration, velocity and displacement vectors of the nodes at time step
t, respectively. Also, F! is the external force applied to the system.

In detail, the equations of motion for a vehicle can be written in a matrix form as:
[My){ab} + [C,1LVif} + [Ky, 1L US } = {Fpp} + {Fgraviey } (%)

where UL, Vit , and al, denotes the displacement, velocity and acceleration vectors of the vehicle at
time step ¢, respectively. Also, M,,, C,,, and K,, represents the mass, damping and stiffness matrix of the
vehicle, respectively. F', denotes the external force, which consists of the interaction force between the
tracks and wheels applied on the vehicle, and Fgain denotes the gravity force. Interaction forces are
functions of bridge responses, indicating that the vehicle's responses are affected by the bridge responses
through VBIs. Similarly, the equation of motion for the bridge structure can be expressed in a matrix
form as:

that the vehicle's responses are affected by the bridge responses through VBIs. Similarly, the equation
of motion for the bridge structure can be expressed in matrix form as:

[My]{a’} + [Col{v'} + [Kp{u'} = (F5, } + (Ff (6)

Where M, Cp and Ky, respectively denote the mass, damper, and stiffness matrices of the bridge
structure. Also, a® ,vt, and u® respectively denote the acceleration, velocity and displacement vectors
of nodes. F, btv represents the external force caused by the moving vehicle. F;Jt expresses the ground force
caused by an earthquake or soil pressure applied to the bridge structure.

4.1 Limitation of Modelling
The limitations of numerical modelling for this study are as follows:

i. Limited to a simply supported bridge structure with 40 m in length for each span and the bridge
deck is made of the prestressed concrete girder with the in-situ reinforced concrete slab.

ii. Modelling of the bridge elements is covered from deck slab level to elastomeric rubber bearings
stiffness level since the provided piers height (5.4 m) and its diameter is considered as very stiff
and categorized as short column. Hence, soil-structure interaction is neglected in this study. No
continuity effect is considered between the approach slab or embankment and the span of the
structure since the bridge is not designed as an integral or monolithic.

iii. Result outputs are in frequency, vertical acceleration, and displace or mode shapes.

iv. This bridge is limited to a straight span consisting of a 24.1° skew on the plan.

v. Both end and intermediate diaphragms are rectangular with a fixed height of 2.10 m.

4.2 Methodology of Finite Element Analysis (FEA) with Vehicle Element—Bridge Element Interaction

4.2.1 Type of Analysis Step. The VBI problem is solved with the presence of a numerical analysis
framework in ABAQUS. There are two (2) steps defined in this modelling. The first step is known as
static with linear perturbation which is used to capture the Eigenvalue frequencies with associated mode
shapes while for second step is known as Dynamic Explicit analysis. For the static linear perturbation
step, no specific time is defined since this step does not relate to the time parameter (see Figure 11). The
normalized Eigenvectors based on displacement are selected to calculate the frequency and mode shape.
Meanwhile, for the dynamic explicit, 0.003 seconds is taken as in the first stage for the stabilization

10
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stage where the truck loading is applied gradually to avoid diverging and numerical instability. In the
second stage, 9.0 seconds is taken to represent the actual time in the field test (time path length). The
normalized Eigenvectors based on displacement are selected to calculate the frequency and mode shape.

11
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Figure 12a. Overall bridge modelling in 3D view.

The first step is also employing the frequency domain parameter to generate the Eigenvalue results.
In the second step, Dynamic Explicit is activated using the time-domain function to calculate the
bridge deck acceleration magnitude due to the moving load effect. The equation of motion (Newton-
Raphson) from Eq. (3) is employed in the second step for the numerical analysis.

4.2.2. Assembly of Elements. The main components of the bridge structure are modelled as per the
existing structure. Among the modelled bridge components are the girders, end diaphragms, ID and
reinforced concrete (RC) slab. The road furniture such as parapets and median barriers are also
included together in the bridge model since they also contribute to the overall stiffness of the bridge
structure [33]. Therefore, both parapets and median barriers are modelled and integrated with the
bridge structure through the monolithic action with the RC slab (see Figure 12a). This monolithic
action in modelling is translated using the tie constraint condition. The RC slab with 180 mm thickness
is modelled together with a 65 mm thickness premix. The connection between these two elements is
created using the tie constraint type. The rigid wheels (outer tyre diameter: 1117 mm, wheel outer
diameter: 918 mm) are added to the model to simulate the contact between the wheel load and the
bridge deck. The spring-mass and the bridge structure (girders, parapets, median barrier, slab, and
premix) are modelled with an eight-node brick element with enhanced hourglass integration (C3D8R)
solid elements. The wheel is simulated with a rigid body (non-deformable) and modelled using C3D8R
elements. Meanwhile, prestressing steel elements are modelled using truss elements in 3D. A pre-
defined field with a stress parameter is used with 75% of the ultimate strength and activated in both
vertical and horizontal vector forces to represent the prestressing force in the girders. The embedded
and host regions are defined for prestressing steel and girder contact (refer to Figure 12a). Similar
approach is applied for other steels (main rebars and stirrup) and concrete components (parapet,
median, RC slab). A 10-wheels unit is modelled representing the 24 tonnes 10-wheeler truck (refer to
Figure 12b). This is then followed by the actual configuration dimension of the truck.

13
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Figure 13. Spring dampers are installed based on the actual condition.

4.2.3. Elements and Meshing Setup. The elements or global seeds size varies from 20 mm to 1100 mm
with C3D8R (8 nodes linear brick) as the main element type. For time-saving, a mass scaling approach
with a 12 multiplier is adopted by ensuring the kinetic energy is lesser than internal energy. The spring-
mass and the wheels are connected with a spring between their centre of mass (Fig. 12b and 13). The
type of 3D-hexagon (stress) with the function of hourglass enhanced is utilised for all bridge
components as a core element in this modelling. The linear geometric order for all elements is used in

both 2 steps of analysis. The reduced integration function is activated to obtain a good result
estimation.

4.2.4. Contact Interaction. Interaction between the wheel and the bitumen top surface consists of the
surface-to-surface type where a friction coefficient, u = 0.6 is (as depicted in Figure 14) applied [25].
The main contact formulation includes three (3) aspects: normal behaviour, tangential contact and hard
contact (a rigid surface is assumed for the top girder).

14
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Figure 14. Contact interaction input.

The connection between the nodes and regions is based on the contact discretization principle. The
connection between nodes and regions might alter over the periods because of the truck movement.
While the changing interaction between elements (tyres and road pavement) may involving of
deformation, penetration, and separation. [34]. To determine the contact nodes and regions for each time
step, the “surface-to-surface contact" setting was selected. Two surfaces were predefined in pre-
processing of the model before the submission of the job where the top of the beam (designated as a
master surface since it is a supporter) and the wheel was designated as a slave surface condition.
Potential contact regions were chosen in this contact pair. Adjacent nodes on the slave surface are
projected on the master surface to form “node-to-surface" contact pairs. The surface-to-surface contact
considers both the master structure (concrete deck irregularity) shape and the slave structure (wheel)
shape and averages the contact condition to raise the pressure accuracy. [34]. In the normal direction,
the “hard" contact” relation was selected to minimize penetration. ‘Penalty" method was selected for the
“constraint enforcement" option. Related parameters of the penalty method are represented as the setting
of virtual spring stiffness in the contact regions. In this procedure, Newton—Raphson iteration is used to
solve dynamic equations as given in Eq. (3) and Eq. (4).
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Figure 15. Quarter-car model: Lk—tire-road contact length; m1, cl and k1—mass, stiffness,
and damping ratio of the tire tread part; c2, k2—tire stiffness and damping ratio; c3, k3—
suspension stiffness and damping ratio; m2—unsprung mass; m3—sprung mass. [35].
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Figure 16. Example of Linear Oscillatory Model of the vehicle [25].

4.2.5. Mass, Spring Stiffness and Damping

In the assignment of vibratory property for moving load, the mass and stiffness coupled with damping
values are assigned to the wheel of the truck. This idealisation is based on the Dynamic principle (Single
Degree of Freedom or SDOF) and previous studies [25], [35](see Figure 15 and Figure 16). All the
properties have been used based on the manual such as tyre stiffness, absorber stiffness, and damping
values [35]-[41].
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43 Mass, M =347t

K =325 N/mm (Suspension)
Damping = 30 N.s/mm

Mass, M, =0.30t

K> = 1650 N/mm (Tire Stiffness)
Damping = 150 N.s/mm

Figure 17. Linear Oscillatory Model of the 24 tonnes lorry for this study (Front wheel).
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B Mass, My = 2,01 t

K; =325 N/mm (suspension)
Damping = 30 N.s/mm

Mass, M =0.30t

K, = 1650 N/mm (Tire stiffness)
Damping = 150 N.s/mm

Figure 18. Linear Oscillatory Model of the 24 tonnes lorry for this study (rear wheel).

O o S N T e e 1

Figure 19. Wheels arrangement in modelling.
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4.3. Construction of Bridge Materials
In the modelling stage, the material properties of the bridge components are defined based on the actual
materials used during the construction. This approach is taken into consideration so that the error
between the numerical analysis (modelling) and field results is within the limit. Table 3 shows the
properties of each bridge material.

1135 (2023) 012045

doi:10.1088/1755-1315/1135/1/012045

Table 3. Material properties of the bridge structure components.

Strength Elasticity Density Poisson
Materials Components (N/mm?»  (kN/mm?»  (kKN/m%) ratio, v
RC Slab 40 32 25.00 0.1
New Jersey Barrier/Median 30 30 25.00 0.1
Girder 60 34 25.00 0.1
Concrete Diaphragm 40 32 25.00 0.1
Pier 40 32 25.00 0.1
Pile Cap 40 32 25.00 0.1
Bored Pile 40 32 25.00 0.1
Steel High Yield Rebar 460 195 78.60 03
Prestressin 7-wire Strands Low
g Relaxation Type (15.2 mm 1860 195 78.60 0.3
Strands :
dia)
Bitumen Overlay with 50 mm thick 10 4 23.00 04

4.4. Loadings

There are several primary loads have been considered in the numerical modelling. These loadings are
estimated following the actual loadings that are applied to the bridge structure. The following details are
descriptions for each load component:

Imposed Load: A moving wheels load consists of 3-axles (10 tyres) lorry weighted 24 tonnes (Figure
20a) with sand filling material is mobilized to induce the force vibration for the Operational Modal
Analysis (OMA) test. This load configuration is selected because of its high availability on most
highways in Malaysia. In addition, the spacing of the axles is considered quite close to create a high-

intensity pressure loa ween the tyres and the road due to

Homamailpedul;

nlindungldalaparibadi
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Figure 20a. Force vibration test (Operational Modal Analysis-OMA).
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Superimposed Dead Load 1: These loadings consist of granular material such as road pavement. The
pavement with 65 mm thickness and its properties as shown in Table 3 are defined in the Abaqus loading
menu and calculated automatically during the analysis.

Superimposed Dead Load 2: This load for the road furniture such as concrete parapets and median
barrier are derived based on the actual detailed dimension. All the material properties such as concrete
density, Elastic Modulus and Poisson’s ratio are stipulated in Table 3 and applied for calculation in the
analysis stage.

Excitation Force: This load is used for Ambient Vibration Test (AVT) simulation to exert the impact or
impulse force on the structure. This impact force is generated by knocking the concrete deck with the
modal hammer which in turn to excite the bridge deck response (see Figure 20b). This response will be
processed based on the frequency response spectrum wave. Next, the process to identify the natural
frequency of the bridge as well as mode shapes through signal processing of electric device known as
Data analyser-DAQ.

Figure 20b. Hammering of excitation points for the modal test (also known as Experimental
Modal Analysis-EMA).

Dead Load: The self-weight of bridge structures such as RC slab, girders, diaphragms and rebars are
calculated according to the actual 3D object and the density of the given materials in the modelling. This
3D object is modelled in full-scale measurement. The densities of the object (Table 3) are defined and
activated through the gravitational load menu.

Prestressing Force: The active force is activated by defining the predefined field —stress in the vertical
and lateral direction. These forces consisted of 3 prestressing tendons stress with a total of 8245 kN after
losses.

4.5. Boundary Conditions

All modelling of the bridge was following the actual boundary conditions. In general, this 2-span bridge
has been pinned at the intermediate pier by adopting the dowel bars which this dowel protrudes from
the concrete pier head and are embedded into the end diaphragm of both spans (see Figure 6). These
dowel bars are acting as stoppers for deck movement horizontally but another support on both abutments
will be assigned as free to move in all directions. A similar approach has been applied in Abaqus
modelling where one side of support is pinned and another support is free. Rubber bearing stiffness and
damping have been neglected for this modelling since their effect is minimum [42].
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5.0 Verification of Results and Discussion

5.1. Frequency and vertical acceleration results

The following figures (see Figure 21, Figure 22a, Figure 22b, Figure 23a, Figure 23b, Figure 24a and
Figure 24b) show results of frequency along with respective mode shapes and vertical acceleration
results of the bridge deck. These results are being generated based on a case-by-case basis for example
with the parametric study that was determined earlier. Technically for modal test on-site, the
displace/mode shapes of the longitudinal centerline of the bridge (single line) were used to compare
with the median barrier element in numerical modelling. This approach was thought since the central
longitudinal single line adjacent to the median barrier was a relevant element for purpose of comparison
with the median barrier in modelling. Meanwhile, for acceleration results, the centre point at the mid-
span of the bridge length was the target location for the measurement of the result. The main parametric
study by incorporating different sizes of diaphragm width and location with different diaphragm spacing
was investigated to identify the response of bridge structure in terms of dynamic behaviour such as
frequency and mode shape features. According to BS 5400 part 2:1990 [31], [43], the minimum bridge
frequency shall be designed is 5.0 Hz. While for vertical acceleration, the upper limit of 1.5 m/s* shall
not be exceeded. This regulation is stipulated to warrant the comfortability of road users as well as to
maintain the serviceability of bridges in terms of fatigue effect and excessive stress (local stress).
According to the current measurement on the existing bridge deck (OMA fest) coupled with the modal
test (AVT), the generated result of vertical acceleration is not exceeding the upper limit of the code of
practices (BS5400 part 2: 1990). However, for first-order frequency, it is shown that the existing
frequency reading (3.92 Hz) is less than the minimum frequency (5.0 Hz) required by the code of
practices [13], [22], [31], [44]-[46]. This anomaly result (frequency) could trigger some fear of
detrimental effect (leading to resonance due to time-dependent deformation against daily traffic loading)
to bridge engineers who anticipated that bridge might last up to 120 years without any fatalities to take
place. Verification works have been made through the two dynamic tests (Modal test and OMA) to
confirm the accuracy of this numerical analysis study. This verification by field experimental is needed
to be done to ensure all the parameters values that were assumed (Concrete Elasticity, Steel elasticity,
strength of materials, Poisson ratio and densities) are in the right values and order. Generally, the results
different are not so significant. For example, the acceleration and frequencies (First, Second-order and
Third mode) are quite similar between field results and FEA results. This minor anomaly or error might
happen due to several factors such as accelerometer units need more numbers for signal detection
purposes (smooth shapes), the accelerometer was not to be mounted securely, ambient vibration due to
low wind speed, and affected of some disturbance from personnel movement at adjacent on-site
measurement. These are possibilities that were expected gave an affect the data collections on site.

OO0 FREGIMELFTOCASE o Abegua/Standerd &

G40 Prek s JHINE  (Oomfima) -
e T A v

Figure 21. Frequency (3.92 Hz) and mode shape of the existing bridge structure (First Mode shape
in 3D view).
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Figure 22a. First Bending Mode shape (3.929 Figure 22b. First Bending Mode shape (3.921
Hz) based on numerical analysis (Abaqus). Hz) based on Modal Testing (Experimental).

xo-l

Figure 23a. Second Bending Mode (2™ Order) Figure 23b. Second Bending Mode (2™ Order)
shape (12.203 Hz) based on numerical analysis shape (12.207 Hz) based on modal testing
(Abaqus). (Experimental).

Figure 24a. Third Mode (3" Order) shape Figure 24b. Third Mode (3™ Order) shape
(18.502 Hz) based on numerical analysis (18.555 Hz) based on modal testing
(Abaqus). (Experimental).

22



International Conference on Civil and Environmental Engineering 2022 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 1135 (2023) 012045 doi:10.1088/1755-1315/1135/1/012045

Acceleration vs Time

0.8

10 —Numerical

Experimental

Acceleration (m/s?)
[\S]

Time (second)

Figure 25. Comparison of accelerations between numerical and experimental.

Table 4. Results of accelerations between numerical and experimental.

Outputs Experimental Numerical Error

Acceleration (m/s2) 0.490 0.534 8.98 %

5.2. Finite element analysis results and findings

The following figures (refer to Figure 26, Figure 27, and Figure 28) have shown some predictions and
results based on numerical calculations. This numerical analysis is generated according to adjustment
of design parameters (Densities, Elasticity, stiffness, damping) with taking account of the actual results
from field tests earlier. From these results, the findings of the study can be written as below:

1. In general, it is observed that the presence of ID in bridge structures can affect the response of
the structure in terms of acceleration values as a result of traffic loading. This can be seen from
the graph results (as depicted in Figure 26) that the difference between the before and after
modification of the bridge was made by inserting the ID.

2. The FEA result shows (Figure 26), that by placing the ID at the mid-span of the bridge deck,
the deck acceleration was reduced up to 59.63 %. This reduction is considered such as of
tremendous amount.

3. The acceleration of the bridge deck (Figure 26) in the existing condition is categorized as under
the upper limit of codes (BS5400 part 2: 1990) requirement which is 0.534 m/s* (as shown in
table 4) lesser than 1.5 m/s.

4. Referring to Figure 27, the result was shown the natural frequency of the bridge has increased
from 3.29 Hz (without ID) jump up to 4.57 Hz. This positive change gives to 38.91% increment
which is close to the minimum 5.0 Hz requirement by codes [13], [22], [31], [44]-[46].

5. Tt is indicated that ID with the 300 mm thickness located at mid-span not complying with the
code regulation for minimum frequency (as shown in Figure 28) shall be attained to avert the
excessive vibration. However, the presence of ID on the bridge deck has increased the existing
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natural frequency of the bridge (as depicted in Figure 26, Figure 27 and Figure 28) from 3.29
Hz to a minimum of 4.57 Hz. This result is in line with equation (1) and equation (3).
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Figure 26. Acceleration magnitude according to ID spacing and ID thicknesses.
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Figure 27. Bridge frequency magnitude according to ID spacing and ID thicknesses.
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Figure 28. Bridge acceleration against natural frequency in respect to the parametric study.

6.0 Summary and conclusion
In this research paper, the results of numerical analysis based on a parametric study basis were discussed
and the following conclusions can be drawn:

1. Intermediate diaphragm (ID) with full depth is giving effect towards both acceleration and
frequency in terms of the degree of magnitude since it was contemplated to have the high
torsional rigidity. This gives some clues that ID may influence the load live load distribution on
the bridge deck as well as vibration mode (displacement shape) which is giving clues for those
who do not contemplate the usage of ID in bridge construction.

2. With the ID of 300 mm thickness and located at the mid-span of the deck, ID can reduce the
deck acceleration significantly the magnitude of acceleration when compared to the bridge deck
without any ID in the span of the deck (As depicted in Figure 26 and Figure 28).

3. Based on the graph results (as depicted in Figure 27), it was concluded that ID can increase the
frequency of the bridge which could improve the stiffness and ultimate capacity of the bridge.
This increment is quite significant to barrier the bridge structure away from resonance.

4. By having these clues or results, it is imperative in beam-to-slab bridge construction particularly
long and slender spans of beam slab bridges to incorporate the ID at least a single ID at the
centre of the span for bracing and stiffening the deck from excessive vibration due to high
volume traffic loading presently as well as sway effect due to accidental and braking load by
vehicles.

5. Ttis alarming to bridge design practitioners from this study to control the deflection and rotation
of girders due to the eccentric wheels load by putting the ID within the span so that the elastic
vibration effect can be reduced and improved.

6. Itis a wrong interpretation to conclude that ID does not have an impact on stiffening the bridge
deck since both frequency and acceleration results were improved in complying with the code
regulations although to a modest effect.
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