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ABSTRACT

Nowadays, development of cable-stayed bridges is increasing around the
world. The mitigation of seismic forces to these bridges are obligatory to
prevent damages or failure of its structural members. Herein, this paper
aimed to determine the near-fault ground motion effect on an existing cable-
stayed bridge equipped with lead-rubber bearing. In this context, Shipshaw
cable-stayed bridge is selected as the case study. The selected bridge has
a span of 183.2 m composite deck and 43 m height of steel tower. 2D finite
element models of the non-isolated and base isolated bridges are modelled
by using SAP2000. Three different near-fault ground motions which are
Tabas 1978, Cape Mendocino 1992 and Kobe 1995 were subjected to the
2D FEM models in order to determine the seismic behaviour of the bridge.
The near-fault ground motions were applied to the bridge in the longitudinal
direction. Nonlinear dynamic analysis was performed to determine the
dynamic responses of the bridge. Comparison of dynamic response of non-
isolated and base isolated bridge under three different near-fault ground
motions were conducted. The results obtained from numerical analyses
of the bridge showed that the isolation system lengthened the period of
bridge and minimised deck displacement, base shear and base moment of
the bridge. It is concluded that the isolation system significantly reduced
the destructive effects of near-fault ground motions on the bridge.

Keywords: cable-stayed bridges, seismic isolation, nonlinear dynamic
analysis, seismic performance
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INTRODUCTION

Ground motions or earthquake cause severe problems to the structures such
as dams, bridges, buildings, infrastructures and others [1-3]. In addition,
many researchers had investigated the effect of earthquakes on the structures
and attempted to mitigate the destructive force of earthquake through seismic
control systems [4—7]. In recent years, cable-stayed bridges are the key in
transportation networks, and gained popularity due to longer span, appealing
aesthetics values, economical and faster construction [6]. These bridges
are associated with high flexibility, low damping and long fundamental
periods [8], which make them susceptible to high amplitude oscillation
under earthquake ground motions [9]. Seismic response of structures under
near-fault motion are different as compare to far-field ground motion [10].

The characteristics of near-fault ground motions are: 1) large long-
period spectral component in normal direction of fault; ii) large-short
period spectral component, parallel to fault direction; iii) high peak ground
velocities and long-duration pulses of ground displacement. Seismic
response of structure under near-fault ground motions significantly increase
as compare to typical far-field ground motion, which are the resultant of
higher spectral components in near-fault ground motions. Several studies
dealt with isolation techniques of cable-stayed bridges to improve their
performance under earthquake excitation [11-14].

Cable-stayed bridges are highly sensitive under large amplitude long-
period ground motions, also associate with multi modes in the dynamic
responses, this make the use of seismic isolation obligatory to prevent the
damages under near-fault ground motions and keep the bridge in service
after the earthquake [15-16].
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METHODOLOGY

Shipshaw Cable-stayed Bridge

Shipshaw cable-stayed bridge used for the case study is a double-plane
fan-type cable bridge. It consists of a double leg steel tower and two box
girders which support a composite steel deck as shown in Figure 1. Overall
length of the bridge is 183 m with four identical spans and 4% downward
slope from the East to the West abutment along deck. The bridge support
is founded on rock. The tower bearings are hinged and allow to rotate
along their axes. The abutment bearings are roller supported to prevent the
uplifting force generated by the cable forces.

The deck is 11 m wide and composed of concrete deck thickness of
165 mm with two non-structural precast parapets. In addition, the deck is
supported by five longitudinal stringers spaced equally at 2.4 m interval in
longitudinal direction. Floor beams transfer the stringer loads to box girders
and spaced equally at 7 m interval in transverse direction. The box girder
dimension is 1.5 m x 2.4 m with web and flange thickness of 50 mm. The
tower is 43 m tall with two 1.5 m x 2.4 m rectangular box steel with flange
and web thickness of 50 mm. Steel Grade 330 is used for box tower and box
girder. Four cables are connected from each tower to the top flange of box
girders. Each cable consists of nine strands with each strand cross sectional
area of 65.1 mm?. The cables have the modulus of elasticity 175 GPa, yield
strength of 1500 MPa and the ultimate strength of 1725 MPa [17].

Tower ~

Cables /
Box girders _ ‘

East
abutment

Composite
deck __
Iq ’
West I
abutment

Figure 1: Detailing of Shipshaw Cable-stay Bridge
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Numerical Modelling

The nonlinear dynamic response of non-isolated and isolated cable-
stayed bridge subjected to longitudinal near-fault ground motions were
performed in SAP2000. The bridge was modelled in two dimensions,
consisted of one tower, one main box girder and four sets of cables as
shown in Figure 2. Material properties used in the model are as described
in previous section. The pretension forces in each cable is calculated based
on the unit load method. The pretension force prevent the box girder from
deflecting under its self-weight [18]. A lead rubber bearing is designed
based on AASHTO specification [19-20]. The isolator device was placed at
the base of pylon since the abutments are roller supporter and provide free
horizontal movement of the deck. The initial stiffness of the lead rubber
bearing is 15000 kN/m. The characteristics of the lead rubber bearing were
input in SAP2000. Figure 3 shows the ideal force-deformation behaviour
of the lead rubber bearing.

e
—
o _—
_— 43 m
/// //
_— -
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—
T — 45.8 m 458 m

: 183.2 m

Lesd Rubbsr Bsaring

Figure 2: Bridge Model in SAP2000
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Figure 3: a) Schematic Diagrams and b) Ideal Force-Deformation Behaviour of the
Lead Rubber Bearing
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Near-fault Ground Motions

The seismic response of the cable-stayed bridge was studied using
three near-fault ground motion records. The data and characteristics of
these records are listed in Table 1 [21]. These near-fault ground motions
are applied to the bridge in longitudinal direction only. A total time of ten
seconds of each record was used.

Table 1: Main Characteristics of The Near-Fault Ground Motions Used in
This Study [21]

No. Earthquake Year Magnitude Distance Peak Acceleration

name (km) PGA(g) Time(s)
Tabas 1978 7.4 1.2 0.900 10.66

2 Cape 1992 7.1 8.5 0.655 3.60
Mendocino

3 Kobe 1995 6.9 3.4 0.575 4.66

NUMERICAL RESULTS AND DISCUSSION

Natural Time Period of Bridge

Table 2 shows the natural time period from the previous experimental
investigation and the numerical analysis [22]. There is a reasonable
agreement between three natural time periods of the longitudinal bending
modes which are computed experimentally and numerically.

Table 2: Natural Time Period of Shipshaw Cable-Stay Bridge
Mode No. Mode Type T, Experimental T, Numerical Error

(s) (s) (%)

1 Longitudinal  1.85 1.58 14.5
bending

2 Longitudinal  0.85 0.70 17.6
bnding

3 Longitudinal  0.57 0.43 245
bending
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After the implementation of the base isolator in numerical model,
the natural time periods are increased significantly, as shown in Table
3. In addition, the effective modal participating mass of the first mode
became 98% of the total mass of the isolated bridge which makes the first
longitudinal mode as governing mode of the bridge.

Table 3: Natural Time Period of Non-Isolated and Isolated Cable-Stayed

Bridge
Period (s)
Mode No. - -
Non-Isolated Bridge Isolated Bridge
1.58 5.50
0.70 1.68
0.43 0.75

Deck Displacement

The maximum horizontal relative displacements of the deck for
three near-fault ground motions are shown in Figure 4. The relative deck
displacements are taken at the node where the box girder and the tower
intersected with each other. The maximum deck displacement in non-
isolated bridge is 160.56 mm under Cape Mendocino ground motion.
However, after the implementation of the isolation device, it is decreased
to 30.10 mm. Figure 4 indicates that the based isolator device significantly
reduced the deck displacements. In addition as shown, the oscillation of
the deck displacement in isolated bridge is relatively smaller than that of
the non-isolated bridge, which enhances the stability of the bridge under
serviceablity during earthquakes.
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Figure 4: Deck Displacements Response Due to Near-Fault Ground Motions; a)
Tabas; b) Cape Mendocino and c) Kobe

Tower Base Shear

The maximum base shear was computed at the tower support as shown
in Figure 5. The base shear variation over total time of each earhquake
is less varying and reduced significanlty. The maximum base shear is
10983.4 kN under Cape Mendocino ground motion for non-isolated
bridge and after installation of isolator device, the base shear is reduced to
1666.03 kN. As resultant, the isolator significantly decreased the base shear
force of the tower.
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Figure 5 : Tower Base Shear Response Due to Near-Fault Ground Motions; a) Tabas
b) Cape Mendocino and c) Kobe
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Tower Bending Moment

The maximum bending moments of the tower for three near-fault
ground motions are given in Figure 6. The maximum tower bending
moments are taken at the deck level. The maximum of tower bending
moments of non-isolated and isolated bridge are 0.69 kNmm and
0.1017 kNmm, respectively during Cape Mendocino earthquake. As
indicated in the figure, the bending moment of the tower reduced significantly
under all the ground motions when the base isolation is implemented.
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Figure 6: Tower Base Bending Moment Due to Near-Fault Ground Motions; a) Tabas
b) Cape Mendocino and c) Kobe
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As the comparative study, the overall seismic response of the bridge is
summarised in Table 4. The percentage reduction of displacements for Tabas,
Cape Mendocino and Kobe earthquake ground motions are 86.40%, 81.25%,
and 73.96%, respectively. In addition, the base shear reduction percentage of
the tower is 85.20%, 84.83%, and 80.56%, due to Tabas, Cape Mendocino
and Kobe near-fault ground motions respectively. Furthermore, the bending
moment of the tower reduced by 84.89%, 85.26%, and 83.24% under Tabas,
Cape Mendocino and Kobe near-fault ground motions, respectively.

Table 4: Overall Peak Responses of The Bridge Under Different Near-Fault

Earthquakes
Ground Bridge Deck Base Shear Base
Motion Configuration Displacement (kN) Moment
(mm) (kN-mm)

Tabas Non-isolated 83.4 6029.5 0.401

Isolated 11.3 891.9 0.061
Cape Non-isolated 160.6 10983.4 0.692
Mendocino

Isolated 30.1 1666.0 0.102
Kobe Non-isolated 115.7 7641.7 0.579

Isolated 30.1 1486.1 0.097
CONCLUSION

In general, the base isolation system of the bridge is placed below the deck.
Nonetheless, in this case study, the isolator device was implemented between
the tower and foundation. The isolated and non-isolated cable-stayed bridge
were modeled by using SAP2000. The nonlinear dynamic response of the
bridge was performed to investigate the effectiveness of the isolation system.
The main conclusions of this investigation are summarised as follows:

. Implementation of the isolation device lengthened the bridge time

periods, hence, decreasing the transferred acceleration and the
reduction of internal forces in the bridge.

10
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The horizontal deck displacement, base shear and bending moment
of the tower decreased significantly, after the implementation of the
base isolator in cable-stayed bridge.

The lead-rubber bearing offered some advantages for the internal force
on the base isolated bridge compare to non-isolated bridge.

The isolated bridge remained elastic under all near-fault ground
motions. This abled the bridge to remain in service after strong near-
fault ground motions.
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ABSTRACT

Nowadays, demands in the application of fibre in concrete increase
gradually as an engineering material. Rapid cost increment of material
causes the increase in demand of new technology that provides safe,
efficient and economical design for the present and future application. The
introduction of ribbed slab reduces concrete materials and thus the cost, but
the strength of the structure also reduces due to the reducing of material.
Steel fibre reinforced concrete (SFRC) has the ability to maintain a part of
its tensile strength prior to crack in order to resist more loading compared
to conventional concrete. Meanwhile, the ribbed slab can help in material
reduction. This research investigated on the bending strength of 2-ribbed
and 3-ribbed concrete slab with steel fibre reinforcement under static
loading with a span of 1500 mm and 1000 mm x 75 mm in cross section.
An amount of 40 kg/m steel fibre of all total concrete volume was used as
reinforcement instead of conventional bars with concrete grade 30 N/mm?.
The slab was tested under three-point bending. Load versus deflection curve
was plotted to illustrate the result and to compare the deflection between
control and ribbed slab. This research shows that SFRC Ribbed Slab capable
to withstand the same amount of load as normal slab structure, although
the concrete volume reduces up to 20%.

Keywords: steel fibre, ribbed slab, multiple ribbed slab
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INTRODUCTION

Reinforced concrete can be explained as a concrete that mixed with strong
material such as steel which increase its strength under tension and make
it less likely to fail. It is also a long-lasting building material that can be
produced in various sizes and shapes. Its effectiveness and flexibility can be
achieved by combining the best features of concrete and steel [ 1]. Due to the
global changes in the economy, especially in the construction industry these
days, it is observed that there are rapid increments in material price which at
the same time causes the rapid hikes of the structure value especially those
in urbanised areas. Therefore, it is important to find alternatives to reduce
the quantity of material whilst constructing something that can carry the
same function to the before-product.

However, in return of constructing a structure using less quantity of
materials, there comes another concern related to its strength and capability
to withstand load. Upon reducing the quantity of material for a structure, the
strength of that particular structure will also reduce along with it. Due to the
stated problem, fibre made of steel, glass and others are used to assist the
structure. Different fibres have different characteristics, thus have different
effects on concrete. Fibre reinforced concrete can effectively reduce the
brittleness of concrete and improves its characteristics. Steel fibre is the
commonly used fibre [2-3]. Steel fibre can increase the toughness of concrete
as well as its resistance to impact.

Moreover, the cost of construction can be reduced when steel fibre is
mixed in plain concrete [4]. With the addition of steel fibre, the ultimate load
may increase up to 13% with a 3% reduction of displacement compared to
normal concrete slabs [5]. During full-scale testing on the central loaded
ground slab, it showed that the addition of steel fibre increased the load
carrying capacity of the structure [6]. Steel fibre reinforced concrete is a
concrete with added amounts of steel fibre [2][7].

Numerous researches have been conducted on the use of steel fibre on
slab structures [5][8]. From previous research, hooked end steel fibre was
found to be a suitable additional material to improve the performance of
concrete such as mechanical resistance of concrete and ductility [9]. Steel
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fiber also improved the bond and anchorage of the steel fibres in concrete
mixtures [10].

Strength and stiffness of structure depend on the strength and toughness
of joint between layers. Therefore, ribs and other various shapes are included
in order to help reduce the cost of the structure. The variety of design of the
slab structure can reduce the concrete use up to 30% and give good strength
[11]. Ribbed slab introduces void at the soffit to reduce its dead weight and
increase the efficiency of the concrete section. With the variety of design
such as ribbed slab and waffle slab, it is as an advantage in architectural
design and also economic in term of material use [12]. Part of the benefit
of ribbed slab is its lightweight nature. If the structure is lightweight, the
support for the slab will also reduce, thus reducing the usage of material
such as concrete for other structures such as beam and column. The ribbed
slab can also provide extra strength in one direction of the slab.

In research done using finite element analysis, the behaviour of ribbed
slab is similar to normal concrete structure. This is due to the addition of
steel fibre in concrete mix [13].

The ribbed slab can also help in improving the aesthetical value of a
structure. For example, instead of using the normal, rectangular slab, ribbed
slab can be used as a substitute without losing the strength needed to give
a fresh look to the old rectangular slab. Ribbed slab is seen as simpler in
terms of design and also easier to cast on-site.

EXPERIMENTAL

Two-ribbed slab samples and one normal slab were cast in this work having
the same concrete grade of 30 N/mm?. Furthermore, the dimension of all the
specimens were identical in term of size. Figure 1 shows the cross-sectional
dimensions of the both SFRC, 2 and 3-ribbed slabs, and Figure 2 shows
the plan view of SFRC ribbed slab with depth 75 mm by width 1000 mm
and length is 1500 mm. In addition, because those slabs were ribbed slabs,
there were voids created below the slabs. For two-ribbed slabs, there are
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2-ribbed which each rib was made with a size of 37.5 mm by 335 mm and
the size of the void is 37.5 mm by 200 mm in depth and width respectively.
Meanwhile, for 3-ribbed slabs, there are 3 ribbed which each rib was made
with a size of 37.5 mm by 200 mm and the size of the void is similar to
the size of rib. All the ribs have same length as the slab which is 1500 mm.
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Figure 1: Control and Ribbed Slab Dimension (source by author)
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.[~ b

|
o

1000mm

1500 mm

Figure 2: The Plan View of SFRC Ribbed Slab (source by author)

Mixing of concrete was done thoroughly to ensure that concrete
of uniform quantity is obtained. For this study, the machine mixing was
done in casting of concrete up to 0.1 m?. Initially, the surface of formwork
waslevelled and moist by oil. After that, the coarse aggregates were spread
over the sand, and then the cement was spread over course aggregate. The
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mixer was operated up to two minutes for mixing until the colour of the
mixture is uniform. Then, the water was added slowly while the mixer was
operating until the mixture obtains proper consistency. The steel fibres were
added last into the mixture gradually until it is well distributed.

Three Points Bending Test

Bending test was conducted to determine the strength of a material
when bent over a given radius. Three point bending test is selected due to its
simplicity and it is suitable to evaluate fibre reinforced concrete properties
[13]. Using the universal testing machine, the slab was placed in the set-
up to test its ultimate strength. One of the main advantages of three points
bending testing is the ease of testing. Four LVDTs were placed at the centre,
upper part and lower part of the slab.

Both Figure 3 and Figure 4 shows the placement of load in two types
of view which used the three point load test using the machine. The load
applied was gradually increased until the slab fails and the data logger
recorded its ultimate strength. In addition, there were also four LVDTs used
in this study for each specimen to obtain the displacement or deflection of
concrete. The LVDT placed on both top and bottom surfaces of the slab,
where each surface placed two of the transducers. Figure 5 shows the
detailed locations of each transducer. Figure 6 shows the actual settings
done at the Heavy Laboratory.
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Figure 5: Position of LVDT (source by author)
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Figure 6: Laboratories Experimental Setup (source by author)

Before testing, the dimension of the setup was carefully checked, and a
detailed visual inspection made with all information was carefully recorded.
After setting and reading all gauges, the load was increased incrementally
up to calculated working load, with loads and deflections recorded at each
stage. Loads were increased normally again in similar increments up to
failure as well as deflection be recorded too.

RESULT AND DISCUSSION

Load versus Displacement

The results illustrated in Figure 7 show that the load has been
increased up to its failure level, then, load and deflections for all the load
steps wererecorded. Each slab shows different behaviour when the load was
applied to them. Initially, there is a not much difference from both slabs
when the load started to apply. But, the 2-ribbed slab shows it can cater
much load at the beginning of the test compared to the 3-ribbed slabs. It
is observed that the 2-ribbed slab behaved linearly elastic up to the value
of'around 5.97 kN higher 23.11% compared to the 3-ribbed slab recodring
4.59 kN where at this point, the minor cracks started appear at the tension
face of the bottom slab. As the load further increases, the deflection started
increasing with the load increment up to maximum load. The ultimate

21



SCIENTIFIC RESEARCH JOURNAL

carrying capacity of the 2-ribbed slab is 6.2 kN when the deflection has
reached to the value of 0.82 mm, while 5.97 kN and 4.81 mm of ultimate
load and deflection for 3-ribbed slab respectively. After reaching the ultimate
load, the value of load decreases as the slab losses its stiffness or the slab
facing the softening stage.
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0 5 10 15 20 25 30
Displacement (mm)

Figure 7: Load versus Deflection (source by author)

Table 1 tabulates the maximum load and deflection for control, 2-ribbed
slab and also 3-ribbed slabs. The maximum deflection recorded from the
test shows that control slab achieved the value of 2.04 mm of displacement
at the highest load of 6.2 kN which behave similarly with 2-ribbed slab in
term of maximum loading which is 6.2 kN with the displacement recorded
is 0.82 mm. In the meantime, 3-ribbed slab recorded the maximum load of
5.97 kN and the deflection at maximum loading around 4.8 1mm.

Table 1: Maximum Load and Deflection

Sample Maximum Load (kN) Deflection at Maximum
Load (mm)

Control 6.2 2.04

2-Ribbed 6.2 0.82

3-Ribbed 5.97 4.81
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From the results shown in Figure 7 and Table 1, it is observed
that the 2-ribbed slab behaved linearly elastic up to the value of around
5.97 kN higher 23.11% compared to the 3-ribbed slab marked 4.59 kN
where at this point the minor cracks started to appear at the tension face
of the bottom slab. As the load further increases, the deflection started to
increase with the load increment up to maximum load. The ultimate carrying
capacity of the 2-ribbed slab is 6.2 kN when the deflection has reached to
the value of 0.82 mm, while 5.97 kN and 4.82 mm of ultimate load and
deflection for the 3-ribbed slab respectively. After it reaches the ultimate
load, the value of load decreases as the slab losses its stiffness or the slab
facing the softening stage.

There are several factors that lead to the results. Firstly, the bonding
between concrete and steel fibres affects the behaviour of slabs. Based on this
study, the steel fibres functions well to extend or postpone the disintegration
of matrix concrete because the tensile stress was absorbed by steel fibre.
Furthermore, using of hooked-end fibre shows the effectiveness of elastic
state of SFRC ribbed slabs. The hooked-end steel fibres tie the concrete
effectively. During the elastic stage, the steel fibre plays an important role
to maintain the concrete elastic behaviour longer than normal concrete [5].
In order for the SFRC to continue to carry the load and deform plastically
after cracking has occurred, it is essential for the fibers to be sufficiently
anchored in the concrete matrix to enable the full tensile strength of the
fibres to be harnessed. Physical testing of steel fibres for pullout values has
shown that ‘hooked-end’ fibres pull through as the ultimate fibre capacity is
reached and this means the full capacity of the fibre is achieved over high
deformations giving high-energy absorption and the characteristic ductility
required to prevent brittle failure [5][9].

From the deflection magnitude, 2-ribbed slab is lower compared
to 3-ribbed slab. Actually, this condition is unexpected condition where
logically, the deflection will increase as the load increases. The reason
of this is maybe due to the rib plays the role to control the deflection of
the slab. So, the increasing number of ribs can reduce the slab deflection.
In addition, because this slab is designed as ribbed slab, the depth of rib
also can influence the deflection of the slab. The ribbed slab can act like a
beam. The ribbed depth influences the slab deflection. In this study, the rib
depth of both slabs is only 75 mm where the width of ribs is 200 mm and
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330 mm respectively. Normally, the ratio depth over width is taken into
account to design rib of the slab. Actually, the best range ratio d/b (depth/
breadth) is between two to three. The ratio became higher if the depth of
rib increases. Unfortunately, for this test the slab cannot be designed with
higher depth because the limitation of formwork for cast thicker slab. And
also, if the ribbed depth increases, the rib can lead to shear failure. Shear
crack can only be prevented by putting a shear bar inside the ribs. However,
has not been experemente to avoid using any conventional bar for tensile
and shear resistance. Perhaps, this slab can maintain the depth of ribbed,
but the breadth of rib need to be reduced as close as to the best of d/b ratio.
When the width of ribbed is smaller, the amount of concrete used also can
be reduced. Indirectly, the self-weight of the slab can be kept low.

Visual Inspection

During the static load test, all the cracks formed were recorded.
Loading was applied at mid span of the slab specimen. As the load increased,
crack slowly appeared and its pattern visible to naked eyes. Crack patterns
are one of the information that was observed.

From Figures 8, 9, and 10, it can be observed that each slab specimen
displayed different crack pattern. For control and 2-ribbed slab, the crack
pattern of the slab almost straight line as compared to the 3-ribbed slab
which scattered along the neutral axis.

However, the crack for control appeared to be far from the neutral axis
compared to the 2-ribbed slab when the crack drifted slightly away from
neutral axis. This situation happened because of the uneven slab surfaces.
When the load was applied, the crack started to disperse and propagated
away from the neutral axis.
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Figure 10: Crack Pattern of Failed Three-Ribbed Slab (source by author)
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As compared to control and 2-ribbed slab, the crack width of 3-ribbed
slab more deeper and wider. Due to the effect of steel fibres, the slab
specimens did not break up completely. These fibres are usually used to
control the effect of cracking and shrinkage, thereby it also improved its
toughness. Fibre acts as crack arresters through the initial loading stage, and
increase energy required for crack propagations, that provide the increase
in strength [15].

CONCLUSION

Steel Fiber Reinforced Concrete (SFRC) can be one of the structural
materials which has potential in the construction industry. The behaviour
of SFRC ribbed slabs in this study showed that there is slightly different
between normal concrete and ribbed slab in term of ultimate load carrying
capacity and the magnitude of deflection.

The result shows that the steel fibre inside concrete plays important
role to absorb more loads even though there is no reinforcement added. From
the experiment, the load capacity from both slabs was found to be below
10 kN. But, if compared with normal reinforced concrete slab, this study
proves the steel fibres can act as reinforcement for concrete structure. The
following conclusions are drawn based on the experimental reselut tested
on SFRC ribbed slabs:

a) The ultimate strength for 2-ribbed slabs is similar to control slab
where the reduction of materials has resulted in both slabs behaves
almost the same with the control slab. This shows that upon reducing
the amounted materials, it only affects the strength of the material at
a very small scale.

b)  The SFRC 2-ribbed slab has greater 37.4% ultimate load capacity and
lower 82.9% deflection compared to 3-ribbed slab.

c) Compared to the previous research using numerical analysis, the
maximum load capacity of the same sample, it was found that the
numerical value and experimental value is similar.

d) Itis found that, steel fibre does effectively function as crack arrestor.
This can be seen in the crack pattern on the failed ribbed slab.
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ABSTRACT

A ribbed slab structure has the advantage in the reduction of concrete
volume in between the ribs resulting in a lower structural self-weight.
In order to overcome the drawbacks in the construction process, the
application of steel fibre self-compacting concrete (SCFRC) is seen as an
alternative material to be used in the slab. This preliminary investigation
was carried out to investigate the flexural behaviour of steel fibre self-
compacting concrete (SCFRC) as the main material in ribbed slab omitting
the conventional reinforcements. Two samples of ribbed slab were prepared
for this preliminary study, 2-ribbed and 3-ribbed in 1 m width to identify
the effect of the geometry to the slab’s flexural behaviour. The dimension
of both samples is 2.5 m x 1 m with 150 mm thickness. The compressive
strength of the mix is 48.6 MPa based on the cubes tested at 28 days. Load
was applied to failure by using the four point bending test set-up with
simple support condition. The result of the experiment recorded ultimate
load carrying capacity at 30.68 kN for the 2-ribbed slab and 25.52 kN for
3-ribbed slab. From the results, the ultimate load of the 2-ribbed sample
exceeds 3-ribbed by approximately 20%. This proved that even with lower
concrete volume, the sample can still withstand an almost similar ultimate
load. Cracks was also observed and recorded with the maximum crack width
of 2 mm. It can be concluded that the steel fibres do have the potential to
withstand flexural loadings. Steel fibre reduces macro-crack forming into
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micro-cracks and improves concrete ductility, as well as improvement in
deflection. This shows that steel fibre reinforced self-compacting concrete
is practical as it offers good concrete properties as well as it can be mixed,
placed easier without compaction.

Keywords: ribbed slab, steel fibre reinforced self-compacting concrete,
hooked end, flexural, crack

INTRODUCTION

Ribbed slab is a structure that consists of ribs spanning in one way
and connected by structural concrete topping. The ribs are arranged in
longitudinal direction and behave similarly to beams. The main advantage
of the ribbed slab application is the reduction of the total structures weight
by the removal of the concrete part below the neutral axis. This type of slab
is suitable for the application in structures with light or moderate imposed
loads, such as the hospital wards, school buildings and apartments [1].

Despite of the numerous advantages of a ribbed slab structure, there are
drawbacks on the effectiveness of the ribbed slab especially in terms of its
construction method. A ribbed slab that consists of small multiple ribs leads
to the requirement of special formwork, complication in the placement of the
reinforcements as well as improper concrete compaction [2]. The application
of self-compacting concrete (SCC) in the construction of precast ribbed slab
panel is seen as an alternative solution to the complication in placing the
reinforcement with effective compaction of concrete in the ribs. Therefore,
the development of the SCC that is high in flow and workability has been
identified as an effective replacement to the conventional concrete used in
construction industry that is dependent on the quality of the construction
work [3].

The main advantages of SCC is its ability to be properly poured in

place, filling the formwork corners and small voids between reinforcement
bars by means of its own weight [3]. Its rheological property allows SCC
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to be effectively applied in complex shaped elements and congested
reinforcements [4]. The engineering and mechanical properties of the
hardened SCC is reported by a number of researchers to be almost similar
to the ordinary well compacted concrete [5-7].

Plain concrete is a quasi-brittle material. Therefore, steel fibres are
incorporated in the concrete mix in order to improve this behaviour and
produce a more ductile material. However, the addition of steel fibres
affects the workability of the fresh concrete significantly cause the mix to be
much stiffer with lower slump measurement causing the mixture to be less
workable [8]. Stiffer mixes further causes uneven distribution of steel fibres
in the mix, whereas uniform fibre dispersion is very important especially
for the structural application. The compaction process that is performed
in the concrete casting process might also disturb the homogeneity of the
steel fibre dispersion [9]. Therefore, by taking advantage of the rheological
performance of self-compacting concrete (SCC) at fresh state, steel fibres
are added to the mix to produce self-compacting steel fibre reinforced
concrete (SCFRC) with a more uniform fibre dispersion in a highly workable
mixture [4].

Steel fibres have been successfully used in concrete to improve its
mechanical properties, such as post-cracking, load bearing capacity and
energy absorption performance. Higher fibre volume in the mix results in
an increment in the residual flexural strength, flexural toughness, energy
absorption as well as the load bearing capacity by the fibre knitting between
cracks that allows stress transfer at the crack openings [10-11]. Fibres are
also used to limit the crack width, with beneficial consequences in terms
of concrete durability. Apart from that, steel fibre can extend the technical
benefits of SCC by providing crack bridging ability, higher toughness and
long term durability.

EXPERIMENTAL WORK

The experimental work was carried out at the Heavy Structural Laboratory
in Universiti Teknologi MARA, Malaysia. Two slab samples were prepared
to assess the flexural behaviour of SCFRC in ribbed slabs, varying in the
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number of ribs; 2-ribbed and 3-ribbed as shown in Figure 1(a) and (b).
Both samples were prepared with similar dimensions of 2.7 m x 1 m with
the effective length of 2.5 m. The volume of ribbed slab constructed in this
research is lesser than solid slabs due to the presence of void. The savings
of the concrete volume is up to 14% and it is presented in Table 1.

Table 1: Percentage of Concrete Volume Reduction

Concrete volume (m?)

% of concrete volume

Type of slab

reduction
Solid 0.375 0%
2-ribbed 0.323 14 %
3-ribbed 0.334 11 %

For this research, mix was prepared in accordance with the mix design
in Table 2. The type of steel fibres used is hooked end with the tensile
strength of 1100 MPa; measuring 0.75 mm in diameter and 60 mm in length
as shown in Figure 2. The fibres were included in the mix by volume fraction

of 0.5% amounting to 40 kg/m°.
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Figure 1: Slab Sample Dimensions; (a) 2-ribbed (b) 3-ribbed (source by author)
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Figure 2: Hooked End Steel Fibre (source by author)

Table 2: Mix Design of SCFRC

Content kg/m3 Remarks

Cement 465 CEMI525R

Fly ash 85 15%

Coarse aggregates 590 Maximum size 16 mm
Fine aggregates 910 Maximum size 5 mm
Water 227.7 w/p = 0.41

Steel fibres 40 0.5%
Superplasticizer Glenium ACE 8589 0.751/ 100 kg binder

With regards to the self-compacting concrete rheological properties,
the slump flow test was performed before the mix was poured into the
formwork. This procedure was carried out to verify the ability of the mix to
spread and self-compact without any vibration. Cubes were cast to measure
the compressive strength of the mix used in this study.

The ribbed slab samples were tested under four- point bending test in
accordance with the BS EN 12390:5 [12]. Conventional steel reinforcement
bars or wire mesh were not provided in the samples in the attempt to fully
assess the effectiveness of the steel fibres under flexure. Figure 3 shows the
experimental setup of the experiment. Circular steel rollers were used to
apply the loads on the ribbed slab. Figure 4 shows the arrangement of the
loads applied to the slab samples. The loads were placed at two positions
demonstrating the four-point bending load condition.
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For the purpose of deflection measurement, linear variable
displacement transducers (LVDT) were engaged to the ribbed slab sample
at critical locations. The location of the LVDTs for the 2-ribbed and 3-ribbed
slabs are shown in Figure 5(a) and (b), respectively.

Spreader
beam

P

Slab sample / Load
M .-+ roller

1
: ' Support

Figure 3: Experimental Setup (source by author)

L

P/ 2 P/ 2 e Loadrollers

(@ )

Figure 4: Loading Arrangement; (a) Schematic Diagram and (b) Laboratory
Photograph (source by author)
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Figure 5: LVDT Locations; (a) 2-ribbed (b) 3-ribbed (source by author)

RESULTS AND DISCUSSION

Slump flow

Slump flow test was performed to assess the flow ability and flow rate
of the SCC mix without any obstacle [13]. Table 3 shows the slump flow
result from the experiment. From the results of the slump flow test, it can
be observed that the slump flow and t500 of the plain SCC mix fulfilled the
European Federation of National Associations Representing for Concrete
(EFNARC) requirement [14]. However, as 0.5% steel fibres were added
to the mix, the slump flow and t500 was significantly affected. Based on
visual observation, the mix appear to be less viscous with the addition of
the fibres. The steel fibres restrained the movement of the aggregates in the
mix [15]. This behaviour is also attributed to the hooked end type of fibres
as well as the dimension that is relatively large that causes blockage of the
particles as it flows [16].
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Table 3: Slump Flow Results

Plain SCC SCFRC
Slump flow (mm) 650 580
t500 (sec) 4 7

Compressive Strength

The compressive strength of the concrete mix used in the experiment
is as shown in Figure 6. The characteristic strength of the SCC mix is 30
N/mm? with the target mean strength of 43 N/mm?. The cubes were tested
at 7 and 28 days.

Figure 6 shows the compressive strength of the cubes. At 28 days, the
compressive strength exceeded the target mean strength by approximately
15%. This might be due to the type of cement used in the mix, which is
CEM I 52.5R (Portland cement with high initial strength) as well as the
high amount of cement.

In comparison of steel fibres provision, the results reveal that the
compressive strength of cubes with steel fibres were lower than plain SCC
without fibres. The reduction in strength with the addition of the steel fibres
might be due to the decrease in the workability of the concrete[15][17]. A
more viscous mix could be clearly observed in the slump flow results as
reported in the previous section. This reduction might also be attributed
to the disturbance cause by the steel fibres to the SCC matrix producing
additional voids in the samples resulting lower compressive strength [15].
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Figure 6: Compressive Strength of Concrete Cubes at 7 and 28 Days
(source by author)

Ultimate Load Carrying Capacity and Deflection

Figures 7and 8 show the graphs of load-deflection for the 2-ribbed and
3-ribbed slab tested by the four-point bending test. The results showed that
the ultimate load of the 2-ribbed and 3-ribbed slab samples were 30.68 kN
and 25.52 kN, respectively. The ultimate load of the 2-ribbed slab exceeded
that of 3-ribbed at approximately 20%.

Itexhibits that the 2-ribbed slab sample has the ability to withstand
an almost similar load that can withstand by the 3-ribbed despite of its
lesser volume of concrete as presented in Table 1. This might have been the
result of a small difference between the concrete volumes that shows only
3% difference resulting almost equivalent load bearing capacity between
these two samples. Therefore, since the steel fibres functions as the only
reinforcement in the slab, the volume plays an important role in affecting
the load bearing capacity of each sample.

Referring to Figure 7, the 2-ribbed slab sample showed almost similar
curves for readings from LVDT 1 and 2 which is located under the load,
the location as shown in Figure 5(a) recorded maximum deflection 0of 9.61
mm. All three transducers were placed at the bottom of the slab topping.
Meanwhile, readings from LVDT 3 show a drastic drop with stagnant
deflection at approximately 31 kN load. This might be attributed to the
failure of the slab that caused the LVDT to abruptly lose its readings.
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The results of the 3-ribbed slab sample are presented in Figure 8.
Readings from LVDT 1, 2 and 4 show similar curves reaching maximum
deflection of 25.12 mm. The maximum deflection value was recorded at
the location of LVDT4 which is placed at the bottom of the slab topping
which is similar to the 2-ribbed slab sample. At peak load, the slab deflects
to a magnitude of 5.09 mm for the 2-ribbed slab while for the 3-ribbed, the
deflection is smaller, achieving 3.82 mm. This result again shows that the
2-ribbed has almost similar performance as the 3-ribbed slab.

Based on the load-deflection graphs of both slab samples, it can be
observed that the loads experienced a gradual decrease after achieving the
ultimate load with an almost similar pattern. The gradual decrease was due
to the effective bonding of the hooked ends fibres to the SCC matrix [5]. The
graphs has proved that both slabs similarly experienced deflection softening
[5][18] which is expected in the behaviour of steel fibre reinforced concrete
material. However, the curve for the 2-ribbed slab is steeper as compared
to the 3-ribbed slab.

The steep curve resulted from the failure of the 2-ribbed slab. At
approximately 15 kN, the slab broke into two parts. The 3-ribbed slab
showed a more gradual decrease of load and the curve extends further
without causing sudden failure to the slab. This is due to the presence of the
internal rib that assists in sustaining the subjected loads. This has proved
that the steel fibres in the 3-ribbed slab have effectively bridge the cracks
by holding the matrix together rather than allowing the structure to undergo
brittle and sudden failure.
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Figure 7: Load Versus Deflection Graph of the 2-Ribbed Slab (source by author)
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Figure 8: Load Versus Deflection Graph of the 3-Ribbed Slab (source by author)

Crack Propagation and Failure Modes

As the load imposed to the slab samples, visual observation was made
to observe the crack propagation and its location. The crack was initiated
at the bottom part of the ribs that is subjected to the highest tensile stress
for both samples. The slab topping that is in the compression zone had
manage to withstand the loads as no cracks was observed at the early stage.
The cracks at the bottom of the ribs continued to propagate towards the
top surface as the load progresses. Cracks were generated in the area of

the mid span where the highest moment occurs. Table 5 shows the crack

width of both samples.

Table 5: Crack Width of Ribbed Slab
Crack width (mm)

Sample
2-Ribbed Slab 1.55
3-Ribbed Slab 2.00

The 2-ribbed slab sample failed at the location of the load where LVDT
1 was placed. Based on visual observation, the failure might be caused by
the presence of honeycombs at the top surface of the slab. The voids from
the honeycombs had caused the section to easily lose its strength due to
the absence of sufficient aggregates and fibres to bridge the cracks. The
maximum crack width before total failure was observed to be 1.55 mm.
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The failure location of the 3-ribbed sample is approximately at the
mid span of the slab. The cracks started at the external rib followed by the
middle rib. This is because the middle ribs is a T-section while the external
are L-section. The geometry of the middle ribs provides advantage in
terms of its rigidity [19]. The maximum crack length on the external rib is
175 mm while the maximum crack width is 2 mm.

From the visual observation of the crack propagation, it demonstrated
that the incorporation of steel fibres in concrete has the ability to increase
the energy absorption capacity of the structure, thus, improves the cracking
behaviour and load bearing capacity. Cracks were formed progressively
with smaller width due to the bridging effect of steel fibre that assist in
clutching the concrete matrix together, increasing the ability of the structure
to resist more loads.

CONCLUSION

From the results of this experiment, it can be concluded with the inclusion
0f 0.5% steel fibres in the SCC mix, the ribbed slab has the ability to sustain
loads up to 30.68 kN and 25.52 kN, for 2-ribbed and 3-ribbed, respectively.
Furthermore, the inclusion was found to effectively bridge cracks in the
structure resulting a maximum of 2 mm cracks in the rib. The flexural
behaviour of both ribbed slabs exhibits the deflection softening pattern
with gradual decrease of load after first crack. However, the 3-ribbed slab
showed a better flexural behaviour with a more gradual deflection softening
curve than the 2-ribbed slab. This is observed even though the ultimate load
resisted is lower. This is due to the presence of the internal rib that assists
in sustaining the subjected loads.

The flexural test result shows that the steel fibres have effectively
function as a restrain to the SCC matrix by still holding the slab intact even
after peak load is reached avoiding sudden brittle failure of the structure.
Further in depth investigation has to be carried out to determine the most
optimal design of ribbed slab that can fully utilise the potential of SCFRC
as reinforcements.
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ABSTRACT

Sewage sludge is a by-product generated within the wastewater treatment
process. Severe concern arised as the sludge are massively been dumped
to the landfill and it may affect the environment. Many studies had been
conducted in reusing the sewage sludge as construction material, where it
is one of the optional ways to solve the issue. In this study, dried sewage
sludge was incinerated with two different temperatures in order to produce
sewage sludge ash (SSA), which are 800°C and 1000°C. After few processes,
this SSA then reused in mortar as cement replacement with the replacement
percentage of 5%, 10%, 15% and 20% by weight. The strength performance
of mortar specimens was investigated after 7, 28, 60 and 90 days of curing.
From the results, it is clearly showed that the compressive strength of all
mortar specimens increased when the period of curing was prolonged.
Moreover, almost all compressive strength of SSA mortars was higher than
the control mortar. Therefore, there is potential to reuse this waste material
as part of construction materials and hence, its plays an important role for
future researches in minimisation of waste.

Keywords: sewage sludge, sewage sludge ash, recycle, compressive
strength, mortar
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INTRODUCTION

The problem regarding the waste generated had always been discussed
globally since decades ago. This issue will be a crisis if a huge production
of waste generated every day is not been taken care of. Wastewater from
residential area, hospital, commercial, industrial establishments, and
rain water are also considered as a waste [1]. The wastewater from the
sewerage system is channelled to the wastewater treatment plant, where
it will be treated with several processes before it can be released to the
environment. At this point, the concern issue appears regarding the sewage
sludge generated from the wastewater treatment process. Over the year,
this semisolid by-product is massively being dumped into the landfill [2].
In Malaysia alone, it was reported that about 5.3 million m?® sewage sludge
was produced annually [3]. Without a proper disposal method, this might
create various negative impacts to the environment. Hence, it is a vital to
seek out an alternative root for the disposal method of sewage sludge, rather
than be ended up at the landfill.

The global focus on sustainability and green technology approaches,
somehow had affected the construction and cement industry. In 2013, it is
reported that the world cement production had contributed roughly 9.5% of
global CO, emission [4]. This justification had led to the numerous studies to
search for the solution regarding this matter, which is part of it had shown an
interest of reusing the waste or by-product as part of construction materials.
It is fascinating that previous studies found that the sewage sludge had a
potential to be reused in producing building and construction materials, as
well as enhancing certain properties of conventional construction materials.
The dried sewage sludge and sewage sludge ash (SSA) had been investigated
to produce brick [5-6], lightweight aggregates [7-8], paver block [9], tiles
[10], as cement substitution material for mortar and concrete [11-13], also
as raw materials in cement blended production [14].

From the literatures, there were ranges of temperature used in
incineration process from 550°C to 1200°C, in order to convert the dried
sewage sludge into ashes form [11-15]. Tantawy et al. [1] stated that by
using 800°C, it will help to preserve the pozzolanic value of the SSA, while
finding by Tay and Show [16], showed that using SSA incinerated at 1000°C
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had given the highest strength of mortar at 28 days of curing. As significant
findings found through the literatures, this present study had been initiated to
investigate the potential of local sewage sludge to be used as partial cement
replacement in making mortar. Two temperatures to calcine the sludge,
800°C and 1000°C were adopted in the incineration process to form SSA.

METHODOLOGY

Preparation of Materials

Sewage sludge cake was collected from Indah Water (IWK) wastewater
treatment plant at KLIA Sepang, Malaysia. The sewage sludge cake was
then dried under the hot sun during the day time for about three to five days.
This process needed in order to remove 70% to 90% of its moisture content.
The dried sewage sludge then underwent controlled incineration to obtain
the ashes and also to remove the organic matter content. Gas kiln furnace
was used to conduct this incineration process, with temperature of 800°C
and 1000°C; and it is burned for five hours. To get more fine powder of
SSA, Ball Mill (Two Tier Jar) was used to ground sewage sludge ash (SSA)
with 30 rpm for eight hours. All these processes are as shown in Figure 1.
Figure 2 shows the particle of SSA after incineration and grinding process.
XRF PANalytical was used to carry out the chemical composition analyses
of SSA. Mining sand with the fineness modulus of 3.45 was used in this
study. The grading of the fine aggregate was conducted according to ASTM
C144-11 with sieve size between 0.063 mm to 5 mm. Type I Portland cement
locally made was used in this present study.

The mix proportion ratio of 1:3 was used in this study, where it
indicates one portion of cement was mixed with three portions of fine
aggregate. The water cement ratio is taken as 0.5. For each temperature
burning of SSA (800°C and 1000°C), four batches of SSA mortar mix
with different percentages of SSA replacing cement were prepared. The
percentages of SSA replacing cement by weight are 5%, 10%, 15% and 20%.
These mortar specimens were cast in 50 mm x 50 mm x 50 mm cube mortar
moulds. Without adding any SSA in the mix proportion, one batch of normal
mortar was prepared as control. All mortar specimens were demoulded after
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24-hours of casting and cured under water curing condition. All specimens
were tested for compressive strength at the age of 7, 28, 60 and 90 days.

Testing Specimen

Compressive strength test of hardened mortar was conducted according
to ASTM C109-13 [17]. The loading pace rate of 0.9 kN/s was applied.
The data obtained from the testing was recorded to the nearest 0.05 N/mm?,
while the average result was rounded off to the nearest 0.1 N/mm?. The
compressive strength was calculated as given in Equation (1).

fm=P/A €))
where:
fim = compressive strength (MPa or N/mm?)
P = total maximum load (N)
A = area of loaded surface (mm?)

Grinding Process Incineration Process

Figure 1: Processes to Convert the Sewage Sludge Cake to Sewage Sludge Ash (SSA)
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a) b)

Figure 2: a) Sewage Sludge Ash After Incineration Process; and b) Fine Sewage
Sludge Ash (SSA) After Grinding Process

RESULTS AND DISCUSSION

Chemical Composition

The results from the XRF analysis are shown in Table 1. It presents the
chemical composition of SSA incinerated at the temperature of 800°C and
1000°C, as compared to the Portland cement. Monz6 et al. [18], enlighten
that the chemical properties of sewage sludge differ from one another,
depending on the origin of the wastewater and also the process conducted
within the treatment plant. It is clearly shown that the four major compounds
in both types of SSA (SiO,, Al20,, Fe20, and Ca0O), were also detected
same as in the Portland cement. It was noticed that the SiO, and CaO
oxides that found in the SSA affect the strength of mortar specimens [14].
Both SSA can be classified as Class C pozzolan material since it satisfies
the standard requirement stipulated in ASTM C618-12a [19]. Therefore,
these SSAs have the potential to be used as partial replacement for Portland
cement in making mortar.
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Table 1: Chemical Composition of Portland Cement, SSA Calcinated at
800°C and 1000°C (Mass in %)

Composition Portland Cement SSA 800°C SSA 1000°C
SiO, 14.2 34.2 35.3
Al20, 3.16 18.4 19.3
Fe20, 3.30 7.36 7.56
CaO 55.8 4.17 4.10
MgO 0.99 1.62 1.72
Na,O 0.11 0.26 0.32
K,O 0.53 2.08 2.15
Na,O 0.11 0.26 0.32
K,O 0.53 2.08 2.15
PO, 0.04 8.97 9.31
SO, 4.03 3.64 3.31
TiO, 0.16 0.83 -
Others 0.33 0.65 -

Compressive Strength

Figure 3 demonstrates the compressive strength of SSA mortar (SSA
incinerated at 800°C) and control mortar at the age of 7, 28, 60 and 90 days.
It is clearly shown that all the mortar specimens experienced an increase
in strength with respect to the increment of curing ages. At day 7 of age,
nearly all the SSA mortar specimens exhibit highes compressive strength
coressponding to control specimen which is 48.85 MPa, 49.91 MPa, and
43.64 MPa for those taht contained 5%, 10% and 20% replacement level
of SSA (incinerated at 800°C) respectively. While for the SSA800 15%, the
compressive strength recorded is 41.07MPa, where it is slightly lower as
compared to the normal specimens which recorded 42.38 MPa. However,
as the age of curing increases, all SSA mortar specimens showed significant
increase in compressive strength and it is much higher as compared to the
normal mortar specimen. This can verify that the presence of SSA may assist
the hydration process within the hardened specimens which had enhanced
the strength development of the specimens at the longer hydration time.
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Within the limited study, it was found that the compressive strength of
mortarmade of SSA incinerated at 800°C, exceeded of control mortar. The
mortar with 15% of replacement recorded higher compressive strength at
90 days of age, which marked 75.68 MPa. It was noted that the SSA mortar
specimen with 5% and 15% replacement showed high strength among all.

® Normal 0%

g H SSA800 5%
§, SSAS00 10%
g = SSA800 15%
= SSA800 20%

7 days 28 days 60 days 90 days
Age (Days)
Figure 3: Compressive Strength of SSA Mortar which the Sludge was Incinerated at
800°C

80

B Normal 0%

B SSA1000 5%

m SSA1000 10%
= SSA1000 15%
B SSA1000 20%

Stress (MPa)

7 days 28 days 60 days 90 days
Age (Days)
Figure 4: Compressive Strength of SSA Mortar which the Sludge was Incinerated at
1000°C
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The compressive strength of SSA mortar which the sludge was
incinerated at 1000°C compared to control mortar at the age of 7, 28, 60
and 90 days, is illustrated in Figure 4. The results showed that all SSA
mortar specimens increased in compressive strength as compared with that
of control mortar. The SSA mortar with 5% and 20% replacement level of
SSA, showed a good strength development as the age of curing increased.
Respectively, the compressive strength for SSA mortars at 90 days are
72.35 MPa for those containing 5% (SSA1000 5%), and 70.13 MPa for
those containing 10% (SSA1000 20%) which are the highest strength
achieved as compared to other series of mortar specimens. From this result,
it is suggested that the SSA obtained from the incineration at 1000°C can
partially replaced cement up to 20% to enhance the strength of mortar.

80

7 ‘.4)(
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=}
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=4—Normal 0%

w
(=}
:

é ol ~—SSAR00 5%
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# 30 / SSA1000 5%
20 // ~#=SSA1000 20%

1 7 13 19 25 31 37 43 49 55 61 67 73 79 85
Age (Days)

Figure 5: Compressive Strength of SSA Mortar Specimen with Respect to Two
Different Incineration Temperatures

The compressive strength of SSA mortar with respect to incineration
temperatures of 800°C and 1000°C, which designated as SSA800 5%,
SSA800 15%, SSA1000 5% and SSA1000 20% are demonstrated in Figure
5. It shows that all the SSA specimens developed its strength as the curing
days prolonged. The higher strength development occurred in the earlier
stage of curing, and it starts to slow down after 60 days of age, ascribed to
the higher amount of SiO, and CaO content in SSA.
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Interesting to note that all SSA mortar specimens (both incinerated at
800°C and 1000°C) exhibited higher compressive strength corresponding to
the control mortar with respect to age of curing. These findings also claimed
by Tay et al. [14], which had proved that SSA could enhance the mortar
properties and belief that other than chemical composition content, the
temperature and duration used during the incineration process, may influence
in producing good quality of SSA. Therefore, this finding verified that SSA
which incinerated at temperature of 800°C and 1000°C, have potential to
be used as partial cement replacement material in making mortar.

CONCLUSION

From discussion of the present study, the findings are outlined as follows:

a.  Utilisation of SSA (produced by incineration temperature of 800°C
and 1000°C) as cement replacement material in mortar mix, enhanced
the compressive strength of the resulted SSA mortar.

b.  The optimum SSA as cement replacement material can be as high as
20% replacement by weight of cement in mortar making.

c.  Mortar that made of SSA incinerated at 800°C and replaced for 15%
of cement attained the highest compressive strength.

It is suggested that this local made SSA has potential to be used as
partial cement replacement material in making concrete or any reinforced
concrete structure, such as wall panel, beam, slab etc. Further researches
on long-term behaviour of SSA concrete need to be conducted before it is
being practically used.
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ABSTRACT

The application of concrete filled steel tubes (CFSTs) as composite members
has widely been used around the world and is becoming popular day by
day for structural application especially in earthquake regions. This paper
indicates that an experimental study was conducted to comprehend the
behaviour of T-stub end plates connected to concrete filled thin-walled
steel tube (CFTST) with different types of bolts and are subjected to pull-
out load. The bolts used are normal type bolt M20 grade 8.8 and Lindapter
Hollo-bolt HB16 and HB20. A series of 10 mm thick T-stub end plates were
fastened to 2 mm CFTST of 200 mm x 200 mm in cross-section. All of the
specimens were subjected to monotonic pull-out load until failure. Based on
test results, the Lidapter Hollo-bolts showed better performance compare to
normal bolts. The highest ultimate limit load for T-stub end plate fasten with
Lindapter Hollo-bolt is four times higher than with normal bolt although
all end plates show similar behaviour and failure mode patterns. It can be
concluded that T-stub end plate with Lindapter Hollo-bolt shows a better
performance in the service limit and ultimate limit states according to the
regulations in the design codes.

Keywords: CFTST, Steel beam, T-stub end plate, connection, Hollo-bolt
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INTRODUCTION

To date, the Construction Industry Development Board (CIDB) is
intensively encouraging Malaysian construction industries to develop an
advance method for the capacity and capability in construction industries
by introducing the implementation of Industrialised Building System
(IBS). IBS is a construction system in which some parts are manufactured
in factories, then are positioned and assembled into a structure on or off
site with little extra site works [1]. Concrete filled steel tube (CFST) is a
composite structural member where the steel hollow tube is made in factory,
assembled and then filled up with concrete at construction site.

The steel hollow tube is used as permanent formwork as well as
reinforcement for the structure and the concrete filled inside the hollow
section increase the load capacities. It prevents the steel hollow tube to
inward buckling. A CFST column is a structural system with excellent
characteristics structurally, economically as compared to other types of
columns such as the traditional reinforced concrete columns and steel
columns.

A CFST offers many structural benefits such as has high compressive
strength and ductility, has excellent earthquake resistance, is able to reduce
cost and duration for the construction. These advantages have been widely
exploited and have led to the extensive use of CFSTs in civil engineering
structures. Many developed countries and also earthquake prone countries
such as the United States, China, Australia have done many researches and
using the system in their structural practices.

The utilisation of thin walled steel tube filled with concrete allows an
economical solution primarily for an axially loaded column. For economical
purposes, a thin walled steel section is sufficient to carry the construction
loading while relatively inexpensive concrete is used as the major component
to carry the design loading [2]. Studies done by [3-5] on the structural
behaviour of concrete filled thin-walled steel tubes (CFTST) have proven
that the performance of the thin-walled steel columns can be improved
by providing sufficient internal stiffeners. However in these studies, the
structural behaviour of CFTST columns were done in isolation. In order to
apply CFTST columns in construction, a feasible connection between the
column and beam must be identified.
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STEEL BEAM-COLUMN CONNECTIONS

The use of concrete-filled steel tube (CFST) columns has become
increasingly popular for civil engineering structures in developed countries
such as England, Japan, United States of America for high rise buildings,
bridges and other structural applications due to excellent earthquake
resistance, ductility and also high strength capacity [6-7]. Due to this fact,
many researchers have came out with various research works in order to
enhance the beam to CFST column connections such as combination of
welding and cutting through the steel hollow tubes [8]. These also included
study on the effect of the different types of blind bolts [9], the effect of
stiffness, strength of the connection using different end plate types and
thicknesses [10].

Researchers [8][11] conducted studies on different types of beam-
column connections such as simple welded connection, diaphragm
connection, extending the steel beam through the steel tube, added
weldable bars on top and bottom of the simple welded connection. Some
of the connections showed very outstanding performances in the moment
resisting and inelastic cyclic behaviour while the others were not. The
most outstanding is the steel beam extended through the steel tube. This
connection exhibits stable strain-hardening behaviour, develops a full
plastic hinge in the beam-column connection and it can be used in regions
of high seismic risk. However, the use of these types of connections has not
always been convenient in construction practice. Considerable work during
erection is required, in addition to extensive welding and high tolerances
required in detailing.

In 2012, Wang and Guo [10] conducted a study on the connections
of steel beams and concrete filled thin-walled steel tubes. Their study
focusedon the effect of connections of flush and extended end plates onto
two (2) different thicknesses of the steel hollow tubes namely 1.5 mm
and 3 mm using extended blind bolts. It was found that the extended end
plate showed better result compare to the flush end plate. Other than that,
the thicker steel tube has lower deformation and higher moment capacity
compare to the thinner steel tubes. Moreover, there was no sign of bending
or shear deformation of the bolts in the tests except for the concrete near
the bolts in tension which showed crack.
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In 2011, a group of researchers from the Steel Construction Institute
(SCI) and the British Constructional Steelwork Association (BCSA) has
published guidance that covers a range of steelwork connections. The
guidance focuses on nominally pinned joints that primarily carry vertical
shear and, as an accidental limit state, tying forces, designed in accordance
with Eurocode 3 and it’s UK National Annexes [12]. Figure 1 shows the
main components of steel connections as given in the guidance publication.
However, this guidance is mainly for open section (H-section or C-section)
and hollow section column without any infilled concrete.
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Figure 1: Typical Connections of Steel Column using Bolts [12]

From previous researches, it can be concluded that the usage of end
plates shows a promising performance, however, the moment resistance
of this connection is still lower compare to the beam through the steel
tube connection. Moreover, the design guidance provided is still lacking
especially for thin-walled section and also filled section. Thus, in order to
fill this gap, a series of investigation has been carried out on T-stub end plate
connected to concrete filled thin-walled steel tube (CFTST) with different
types of bolts.
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EXPERIMENTAL WORK

For this study, a laboratory work had been done where the T-stub end plate
connecting to the skin of CFTST with two different types of bolts. A total of
six specimens were prepared and tested. Two specimens were using normal
bolts, whereas the other four were using Lindapter Hollo-bolts. Table 1
shows the summarised parameters for each specimen for this study. The
size of square hollow section (SHS) for the CFST is 200 mm x 200 mm,
the thickness is 2 mm and total length is 1200 mm. The SHS was fabricated
from four (4) pieces of cold formed lipped angles that were seam weld to
form a SHS with longitudinal stiffeners. The height of each longitudinal
stiffener is 25 mm. Figure 2 shows how the sequence of SHS was fabricated.

Table 1: Parameters of Bolts for All Specimens

Specimen Type of Bolt | Bolt Size Bolt Lenght | Bolt Grade
(mm) (mm)
B20-1 Normal bolt 20 90 8.8
B20-2 Normal bolt 20 120 8.8
HB20-1 Hollo-bolt 20 90 8.8
HB20-2 Hollo-bolt 20 120 8.8
HB16-1 Hollo-bolt 16 75 8.8
HB16-2 Hollo-bolt 16 100 8.8

Longitudinal
stiffener

() (b) (© (d) "

—i— _‘“"_]
! |
Longltudinal J \
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——2—

Figure 2: The Formation of the Steel Hollow Tube with Stiffeners (source by author)
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M20 grade 8.8 normal bolts, HB16 and HB20 Lindapter Hollo-bolts
were used to connect the T-stub to the CFTST skin. Additional parameter
which is the different length of the each bolt had also been observed. Figure
3 and 4 show the dimensions and components of the Lindapter Hollo-bolt
respectively.

rNFT
— H Ls

o
==

Bolt gl Collar

Bolt leno h le:l:e‘;le Sleeve Collar Collar Across

Bolt type | diameter, Iig ’ Lgt > | diameter, | Thickness, | Thickness, flat,
dy (mm) b s d(mm) | H (mm) D (mm) AJF

(mm) (mm) )

HB16-1 16 75 41.5 25.75 8 38 36
HB16-2 16 100 41.5 25.75 8 38 36
HB20-1 20 90 50 32.75 10 51 46
HB20-2 20 120 50 32.75 10 51 46

Figure 3: Dimensions of Hollo-Bolt Components (source by author)
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Figure 4: Components of Lindapter Hollo-Bolt [13]
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The dimensions of the T-stub end plate and steel hollow section are
consistent for all specimens. The dimensions of steel sections and bolt
locations are shown in Figure 5.
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Figure 5: The Arrangement of Hollo-Bolt and T-Stub End Plate (All Dimensions are
in mm) (source by author)

The installation for the T-stub end plate is different for the normal
bolts compare to Lindapter Hollo-bolts. To fasten normal bolts, both sides
of the bolts which are inside and outside of the steel hollow section need to
be reachable and secure. It is proven that this method is not very suitable
for onsite practices. Different to normal bolts, Lindapter Hollo-bolts can be
fasten from outside of the hollow section only. Figure 6 shows installation
steps for Hollo-bolts.

& &

Figure 6: Installation of Hollo-Bolt [13]
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Figure 7: Completed Assemblage of T-Stub End Plate to the CFST using Hollo-Bolt
(source by author)

(a) (b)
Figure 8: Different Setting of (a) Hollo-Bolt and (b) Normal Bolt After Installation
(source by author)

Figure 7 show the assemblage of T-stub end plate to the CFST column
with Hollo-bolts, while Figure 8 shows differences between normal bolts
and Hollo-bolts installation setting inside the steel hollow tubes. Compare
to normal bolts, the Hollo-bolts sleeve can improve the bonding between
the bolts and concrete. Figure 9 and Figure 10 show the support setup of
CFST and T-stub end plate respectively for the pull-out test. The specimens
were tested until failure under monotonic load. All data and behaviour of
the specimens were recorded and observed.
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Figure 10: The T-Stump End Plate Setting for the Test (source by author)
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RESULTS AND DISCUSSION

The concrete used for this experiment was designed for grade C30 and the
tensile strength for the steel sections are 403 MPa and 330 MPa for 2 mm
and 10 mm steel plate respectively. The concrete strength for each specimen
was different because each concrete batch has to be mixed at different
times due to lack of concrete mixer capacity for each mix. Therefore, the
results shown had been normalised according to the concrete strength for
each specimen.

Load-Displacement relationship of T-stub end-plate
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Figure 11: The Load-Displacement Behaviour of the Specimens (source by author)

The load-displacement relationship curves of the specimens were
plotted and are shown in Figure 10. Each load was plotted against a
transducer at mid-point of the end plate where the displacement at this point
is most critical. From the graph, the specimens with normal bolts do not
contribute much even though different lengths of the bolts were used. The
specimens with Hollo-bolts showed better performance where they resisted
higher loads compare to the normal bolts.
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International Institute of Welding, IIW [14] and [15] recommended
that the T-stub should be designed to transfer a limited amount of tension
force in order to ensure that the column face deformation will not exceed
serviceability limit state at 1% of the column width and will be no more
than ultimate limit state at 3% of the column width where in this study
serviceability and ultimate limit state are at 2 mm and 6 mm, respectively.

The graphs in Figure 11 indicate that T-stub end plates connected with
normal bolts have the lowest value of load for both service and ultimate
limit states. By using Hollo-bolts, there is huge increase in loads for both
limit states. Even though the load factor for ultimate limit state for HB16-
2, HB20-1 and HB20-2 are different, the load values for service limit state
are almost the same at 5.0 kN/fck.
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Figure 12: The Vertical Deformation of the T-Stub End Plate (source by
author)
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All specimens showed similar behaviour and failure modes at the
end of the test. All specimens’ end-plates yielded at the flange plates and
caused the end-plates to bend vertically upward before the bolts reached
their yield point. Figure 12 shows the deformations of the T-stub end-plates
before they reach their maximum loads during the test. Figure 13 shows the
actual deformation of T-stub end plates for both types of bolts.

Other than the deformation of the end plates, the column faces of
CFTST experienced punching failure and buckled outward due to the
pull-out. In this experiment, the expanded sleeve of the Hollo-bolts did
contribute largely to the performance because it gave more surface contact
area between the bolts and concrete. At the end of the test, the bolts for
all specimens were removed and are shown in Figure 13. HB16-1 and
HB16-2 bolts show similar behaviour where all bolts bent at the contact
area between the end plate and concrete core as in Figure 14(a). However,
HB20-1, HB20-2, B20-1 and B20-2 did not deform and damage as much
as the other bolts as shown in Figure 14(b).

Figure 13: The Failure Modes of The Specimens (source by author)
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(a) (b)
Figure 14: Deformation of Bolts After Test (source by author)

CONCLUSION

Currently, it can be concluded that the T-stub end plates with Lindapter
Hollo-bolts showed better performance compare to the plates with normal
bolts both, in terms of service and ultimate limit states, and deformation of
the end plates. The lengths of bolts also give different outcome especially
for Hollo-bolts because their sleeves were designed according to the length
of the bolts. The longer bolt performed better in both limit states and the
deformation of end plates. As for the design limit states, HB16-2, HB20-1
and HB20-2 perfomed equally good at service limit state but performed
differently at ultimate limit state.

RECOMMENDATION

In this study, the test was restricted to the difference between having either
normal bolts or Lindapter Hollo-bolts with constant end plate size for all
specimens. There are other types of blind bolts and rivets such as Ajax blind
bolt and flowdrill that can also be used as fasteners. By using these types of
bolts instead with CFTST, it may give various outcomes that can be looked
intofor a better understanding of thin walled structure connections.
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ABSTRACT

The massive growth of construction industry especially in the developing
countries results in extensive quarrying activities which ultimately would
lead to the depletion of natural resources. Apart from extensive extraction
of the natural granite from the earth for concrete production, marble
production industry is also majorly contributing to the quarrying activities.
In addition, high volume of waste is generated by the marble production
industry as 70% of marble is wasted during the production such as
quarrying, cutting, processing and others which is environmental unfriendly.
In a way to achieve sustainable construction, the present study is to utilise
the waste marble in replacing the coarse aggregate in concrete production.
The engineering performance including workability, compressive strength,
ultrasonic pulse velocity (UPV) and chloride penetration were analysed.
The raw waste marble obtained from the industry were crushed and sieved
into maximum size 20 mm and used to replace the coarse aggregate at the
level of 20%, 40%, 60%, 80% and 100% respectively. Results show that
60% of the replacement level has yield to optimum result by achieving the
highest compressive strength and UPV at approximate 5% higher than
the control. Meanwhile, the effect on chloride penetration resistance is
more significant, i.e. approximate 19% better than the control. However,
increasing the replacement level of waste marble has no significant effect
on workability, although an increasing trend was observed.

Keywords: waste marble, coarse aggregate replacement, concrete,
environmental
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INTRODUCTION

Due to the continuous development, the quarrying activities are increasing
to cater the demand of coarse aggregate for concrete production. Although
the earth is rich in natural resources, the extensive and endlessly quarrying
of coarse aggregate can cause depletion of available resources and
ecological problems to the environment. Besides, marble production is not
an environmental friendly activity. Approximately, 70% of marble were
wasted during the production such as quarrying, processing and polishing
[1]. Even though the waste marble is not hazardous, it destroys plants and
causes pollution [2]. On the other hand, disposal of waste marble is not
viable as it may reduce the permeability of soil and the fertility of soil will
be affected as it increases its alkalinity [3]. Therefore, the aim of this study
is to study the engineering performance of the crushed waste marble when
use as coarse aggregate replacement in concrete production. This measure
can be viewed as a sustainability measure as it reduces the solid waste
disposal and slows down the pace of resources depletion.

Shirule et al. [4] and Vaidevi [5] reported that the replacement of
cement with marble powder up to 10% by weight increase the compressive
strength. Moreover, Aliabdo et al. [6] investigated in another study and
found that 10% of cement replaced by marble dust enhances the mechanical
properties of concrete. Nonetheless, the results show that 15% replacement
of sand by marble dust is the optimum replacement level to provide the
highest compressive strength. Another study reported by Corinaldesi et
al. [7] shows that 10% replacement of fine sand by waste marble powder
possessed higher compressive strength with similar workability properties.
Hebhoub et al. [1] studied the use of waste marble aggregates as fine and
coarse aggregate replacement materials in concrete. The study elucidates
that the substitution of natural aggregates by waste marble is beneficial
to the concrete performance. From the review on the current literatures,
it is found that the majority of the studies are exploring on the effects
of substituting the fine aggregate with waste marble. The crushed waste
marble that acts as replacement material for coarse aggregate in concrete
production is scarcely reported. Substituting the coarse aggregate could be
more economically viable as the amount of energy and cost to spend on
crushing the waste marble is greatly reduced.

76



VoL . 13 No. 2, DECEMBER 2016

EXPERIMENTAL PROGRAMME

In this study, the Portland composite cement manufactured by YTL Cement
in accordance with BS EN 197-1:2000 [8] was used as the binder in concrete.
Meanwhile, the filler part consist of natural granite as coarse aggregate and
mining sand as fine aggregate in concrete. The waste marble was collected
from Sri Martek Marble Industries Sdn. Bhd. in Perak, Malaysia. The waste
marble was crushed to coarse aggregate size with not more than 20 mm.
The crushed waste marble is shown in Figure 1 and the physical properties
of the natural granite and crushed waste marble is shown in Table 1.

Figure 1: Crushed Waste Marble (source by author)

Table 1: Physical Properties of Coarse Aggregates Used

Physical Properties Natural Granite Crushed Waste Marble
Specific gravity 2.62 2.66
Fineness modulus 7.97 7.90

Average flakiness index (%) 18 13

Water absorption (%) 0.35 0.30

Moisture content (%) 0.15 0.05

In this study, conventional normal concrete was used as the control
mixture and the replacement ratio of coarse aggregate is 20%, 40%, 60%,
80% and 100% while the water-to-cement (W/C) ratio was maintained at
0.4. The concrete mix design is summarised in Table 2. Several tests were
carried out to assess engineering performance, including slump, compressive
strength, ultrasonic pulse velocity, and chloride penetration. The slump test
was performed in accordance with BS EN 12350-2 [9] while the compressive
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strength of concrete was tested up to 90 days in accordance with BS EN
12390-4 [10]. The ultrasonic pulse velocity (UPV) was carried out in
accordance with BS EN 12504-4 [11] while chloride penetration depth were
performed according to the method used by Guneyisi, Ozturan and Gesoglu
[12]. The specimens for chloride penetration test were cured in normal water
for 28 days and then immersed in 4% sodium chloride solution until the
testing age. At the testing age, the cube specimen was cut into half and the
freshly cut surfaces were then sprayed with 0.1 N silver nitrate solution.

Table 2: Crushed Waste Marble Concrete Mix Design
Fine Natural Crushed

Mix gg;:sg)t Aggregate Granite Waste Marble WI/C ratio
(kg/m?) (kg/m?) (kg/m?)

CM 422 980 980 0

M1 422 980 784 196

M2 422 980 588 392 04

M3 422 980 392 588

M4 422 980 196 784

M5 422 980 0 980

RESULTS AND DISCUSSION

Slump Test

Figure 2 shows the workability of all concrete mixtures. The result shows
that the replacement level of crushed waste marble has no significant
effect on workability as all of them were still categorised as medium
slump. Besides, it shows that the workability is slightly increasing with
the replacement ratio of crushed waste marble but this is contradicted with
other researches [13-14]. This could be probably due to different sources of
marble were used. However, from the flakiness index and water absorption
data in Table 1, the values of crushed waste marble were slightly lower
than the natural granite in both properties. These would contribute to better
workability properties in fresh concrete [15].
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Figure 2: Slump Values of Various Specimen

Compressive Strength

The compressive strength of various concrete specimens was examined at 7,
14, 28 and 90 days. Figure 3 illustrates the strength development are similar
in the control mixture (CM) and other mixtures containing crushed waste
marble. This can be concluded that the replacement of crushed waste marble
would not affect the strength development of concrete matrix. The result
also shows concrete containing 60% crushed waste marble in the coarse
aggregate (M3) obtained higher compressive than control mixture (CM).
The recorded strength of the M3 at 90 days was 39.95 N/mm?, approximate
5% higher than the control specimen. This could be explained that the more
rounded crushed waste marble helped to create better particles formation
in the concrete matrix and consequently it yields better bonding among the
binder and filler which ultimately render a denser matrix [1].
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Figure 3: Compressive Strength of Specimens at Different Level of Marble
Replacement

Ultrasonic Pulse Velocity (UPV)

Ultrasonic pulse velocity test is a non-destructive test that used for
determination of the speed velocity of propagation of pulses of ultrasonic
waves through hardened concrete. It can be used to determine the quality
of the concrete in term of the amount of the voids or cracks presence in the
concrete. The pulse velocities of concrete specimens are shown in Figure
4 and the results show that the concrete specimens’ quality was excellent
as the pulse velocities are above 4.5 km/h in accordance with the UPV
assessment guidelines. Among all specimens, M3 is the best as it exhibits
the highest value, i.e. 4.78 km/h. This is consistent with the compressive
strength analysis where the M3 specimen has obtained the highest strength
at all testing ages. Hence, it leads to a conclusion that M3 mix has produced
better microstructure formation than the other specimens.
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Figure 4: UPV Values of Various Specimen
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Chloride Penetration Depth

The durability of the reinforced concrete depends on the capability
of concrete cover to prevent the reinforcement from corrosion within the
concrete. The corrosion of reinforcement in the concrete structure is the
most common factors causing structure deterioration in the long term [12].
Hence, chloride penetration depth of the specimens was determined in this
study. The chloride penetration depth was determined after immersion in 4%
sodium chloride solution for 7, 14 and 28 days. M3 has the lowest chloride
penetration depth at 28 days, i.e. 12.6 mm at approximate 19% lower than
that of the control specimen. The better resistance against the chloride
penetration could be due to better microstructure formation. Neville [15]
explains that higher compressive strength is a result of lower porosity in
the concrete matrix and this was also justified in the UPV test.

Table 4: Average Chloride Penetration Depth

Average Chloride Penetration Depth (mm)

Specimen
7 days 14 days 28 days

CM 9.6 11.4 15.5
M1 9.1 11.8 14.8
M2 9.0 1.4 15.6
M3 8.7 9.5 12.6
M4 9.3 1.4 15.2
M5 9.0 12.0 15.0
CONCLUSION

Based on the results and discussion, few conclusions are drawn as below:

i.  The workability of concrete was not affected by the replacement of
crushed waste marble and it gave slightly higher workability than
normal concrete.

ii.  The optimum mixture is the concrete with 60% replacement of crushed
waste marble (M3) as it has the highest compressive strength compared
to the other concrete mixes. Besides that, the strength development
trend is in line with the conventional concrete.
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1.

1v.

The quality of concrete specimens was excellent as the UPV values
were above 4.5 km/h. Besides, M3 has the highest value which is
4.77 km/h, which indicates that it has lesser amount of voids and
micro cracks.

The concrete with 60% replacement of crushed waste marble (M3) has
highest resistance against the chloride penetration as the penetration
depth was 12.6 mm.
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