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Abstract

The main objective of the study is to determine the behavior of built-up cold-formed steel (CFS) stub columns
infilled with washed bottom ash (WBA) concrete and also their failure mode. Five proportions of WBA as sand
replacement in concrete and five specimens of built-up CFS stub columns infilled with WBA are produced in this
study. There are four parts of the testing conducted: material properties of CFS, material properties of WBA concrete,
mechanical properties of the connection, and mechanical behavior of built-up CFS stub columns. The result shows
that the specimen with 25% WBA is reported to have the highest value of compressive strength in the material
properties of WBA concrete and the mechanical behavior of built-up CFS stub column. The percentage difference of
the ultimate load of the built-up CFS column filled with normal concrete and filled with WBA concrete is noted to

have a range of 3% to 25%.
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1. Introduction

Cold-formed steel (CFS), sometimes identified as a thin-walled structure, is generally used as construction material either
structural or non-structural element. CFS is produced by using steel sheets through a rolling process in ambient temperature,
and is different from the hot-rolled steel produced by using high technology and huge machine in high temperature with an
energy-consuming process. CFS is with many advantages such as being lightweight, ease of transportation, quick installation
and erection, corrosion resistance, high strength to weight ratio, etc., and is normally utilized as a wall frame or panel, roof
truss structure, and storage rack. CFS is formed in a variety of shapes, thicknesses, and cross-section areas, with the channel,
hat, angle, and zee section normally found in the construction market. This section is becoming popular due to its ability for
minimizing the total production or material cost. This popular section is classified as an open section which is common in the

unsymmetrical section and exposed to structural integrity issues and failure.

The development of CFS is constantly changing in line with technological changes such as the production of complex
shapes and cross-sections, enhancing the quality of steel material, producing corrosion resistance methods, and improvising
methods of forming [1]. In overcoming the issue of structural integrity, this section is established by using a combination of
two or more sections to produce the symmetrical section and sometimes it becomes a closed section. Selvaraj and Madhavan [2]
mentioned about the CFS section with an unsymmetrical or single symmetrical or open section that failed due to the instability

effect. Also, they mentioned that CFS is designed to transform to the built-up section which is classified as a close section or
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double symmetrical section. The new section which is recognized as the built-up section has existed in a variety of shapes,
cross-section areas, and dimensions. The basic of the built-up section by using channel section is a back-to-back configuration
or known as the I-section and face-to-face configuration or also as box-up or a hollow section. Fig. 1 illustrates the example of

a built-up face-to-face and back-to-back CFS section by using a variety of sections.

Muftah et al. [3] reported the result of the behavior of built-up face-to-face CFS section with difference channel section
which is fastened by using bolt and nut and known as outstand and extended stiffener under bending load. By producing the
built-up section, the production cost of the section can be reduced and the cost of using an expert and high technology machine
can be reduced. The build-up section is formed by using a variety of fasteners or connectors, for instance, bolt and nut, full
welding, spot welding, self-tapping screw, self-drilling screw, rivet, and innovation fastener. Li et al. [4] have stated that the
compression capacity in the axial condition of the built-up column section is allowed twice and more than twice of the basic
section in producing the closed or symmetrical section. Nie et al. [5] mentioned that there are a lot of researchers who studied
screw spacing and thickness effect on the strength of built-up back-to-back CFS columns that are broadly utilized in
engineering activity due to quick assembly and installation. Meza et al. [6] stated that the performance and fundamental

knowledge of built-up CFS columns are still limited.

The main objective of the study is to determine the mechanical behavior of the built-up CFS columns under compression
load and observe the failure mode of the columns. Furthermore, the study is also to determine the suitable proportion which
would provide the optimum mechanical behavior of built-up CFS columns with different proportions of the washed bottom ash

(WBA) as sand replacement in concrete for solving the structural integrity issues and failures.
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Fig. 1 The example of the built-up CFS section

2. Built-Up Cold-Formed Steel Column

The built-up CFS column is normally provided of the mechanical behavior, especially the ultimate load value with twice or

more than twice of the individual section under axial compression [4]. Roy and Lim [7] have reported the built-up face-to-face
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channel column which is classified as a hollow section with twice the strength of the individual section, and have promoted that
the stability of the section is suitable to use in frames. In American Iron and Steel Institute (AISI S100-16) and Australia and New

Zealand (AS/NZ) Specification, the built-up CFS section is designed by modifying the slenderness ratio (KL/r)y,:

ey

where (KL/r), is the overall slenderness ratio, a is the length of the intermediate fastener, and r; is the radius of gyration (minimum).

CFS with a thin and slender section as compression or flexural member tends to have the buckling failure, such as local,
distortional, global and lateral buckling, web crippling, and torsion when subjected to load. The local, distortional, global, and
lateral buckling of the CFS section is illustrated in Fig. 2. Several factors involved in the buckling failure of the CFS section are
the cross-section, shape, imperfection, slenderness ratio, and height. Normally, the column is divided by referring to the
slenderness ratio into three categories: short, intermediate, and slender columns; the short column fails due to yielding, while

the slender column fails due to buckling [10].

Rokilan and Mahendran [11] stated that the local buckling affected the CFS section to fail because the CFS section has a
larger width-to-thickness ratio and is not similar to the hot-rolled steel section. Selvaraj and Madhavan [2] described that the
individual CFS section, which is classified as an open or slender section, has failed in several ways such as local, distortional,
and global buckling when the structural section is exposed to the instability conditions. Nie et al. [5] reported that local
buckling and local-flexural buckling happened for the CFS closed section, and the built-up closed section with two channel
sections could avoid the distortional buckling when subjected to compressive load. Li et al. [4] reported that the study on the
mechanical behavior of the built-up CFS, especially the effect of the distortional buckling, is still limited, and no research has

been discussed due to the complexity of the cross-section.
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Fig. 2 The buckling failure of the CFS section

3. Built-Up Cold-Formed Steel Column with Concrete

The built-up CFS incorporated with concrete and mortar as the column structure is increased due to an increase in the
demand for the tall building construction. The composite structure is produced to be excellent in strength, buckling resistance,
seismic resistance, and fire resistance, and is also capable to reduce the production cost and material cost. Ibanez et al. [12]
reported that the combination of steel and concrete is broadly used in huge infrastructure and tall buildings because of its

economic aspects, good structural behavior and bearing capacities, and better ductility.

The built-up CFS column with concrete can delay the deformation and crack of the concrete when subjected to axial
compression, and acts as a permanent formwork that replaces the timber formwork. Zhu et al. [13] reported that the normal and
self-consolidating concrete with a design strength of 30 MPa is utilized and filled into CFS tubes with 200 mm x 200 mm,
square hollow section. Mohd Sani et al. [14] analyzed the resistance of the built-up face-to-face CFS column, which is fastened

by bolt and nut and filled with normal concrete for the height of the column of 900 mm. Qu et al. [15] studied the axial
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compression behavior of the rectangular CFS tubes filled with concrete under two different loading methods. In design
standard Eurocode 4, the plastic resistance to compression (N rq) Of the composite column based on the ultimate limit states is

determined by the equation:

Af, 0857, | Af
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where A, is the cross-section areas of structural steel; A. is the cross-section areas of concrete; A, is the cross-section of
reinforcement; f; is the yield stress of steel; f is the strength of concrete; fy is the yield stress of steel reinforcement; Yy, Ve,

and Y are the partial safety factors at the ultimate limit states.

In general, the stub column or known as the short column is tested to obtain the structural behavior information as
comprehensive and inclusive parametric studies to further assess the failure mode for considering varieties of the steel
slenderness value and grades. Besides, when the length of the beam or slab is extended for any reason, the stub column is
utilized as a structure and specifically acts as a concentrated point load which is designed and built above the beam. The stub
column is sometimes planned as an interior aspect and utilized to improve the stability of the building. The testing of the stub

column is conducted to evaluate the effect of the width-thickness ratio (b/t) on buckling behavior and bearing capacity.

Bottom ash (BA) is the waste product from coal-fired electric power plants which physically is lightweight and has a granular,
porous, and coarsen surface. BA is collected from the furnace or boiler kiln at the bottom side, and another waste product, which is
normally recognized as fly ash, is collected from the precipitator process. Normally, the total percentage of waste product of BA is
more than the fly ash, and sometimes the BA is dumped at the nearest area for storing or recycling. If the BA is not properly stored,
there will be environmental effects (such as air pollution, water pollution, and groundwater contamination) and human health
effects (such as respiratory diseases and cancer risk) occurred imminently. Thus, BA is proposed for the 3R (Reduce, Reuse, and
Recycle) process which is utilized as structural fill material, concrete ingredient material, and road base. BA with similar size of the
sand is becoming popular to replace sand in concrete and lastly promoting the lightweight concrete. There is no information from

previous studies on the utilization of BA filled in built-up CFS section as column or beam.

Nowadays, the normal concrete is shifted from traditional material to waste material which is parallel to the sustainable
development program. The traditional material in normal concrete is replaced or substituted with waste material to solve the
environmental problem which occurred from the beginning of the quarry activity. Mainly, the CO2 emission from aggregate
occurred from the excavation, blasting, and transportation activities using electricity. Fayaz et al. [16] have noted that sand is
scarce due to the Indian government imposing harsh restrictions on the sand quarrying at the river, which causes construction
activities to be affected. The sand quarrying activities at the river normally produced environmental damage and river erosion
[16]. Besides, sand mining activities have also created a lot of problems such as riverbeds becoming deeper, riverbank
collapsed, vegetation losses on a riverbank and, aquatic life and agriculture sector interrupted [17]. They have also separated
the aggregate into three categories, i.e., recycled coarse aggregate, normal coarse aggregate, and fine aggregate that are being

used in concrete manufacturing which contributed to CO2 emission of 39%, 42%, and 19%, respectively.

From the observation and analysis, the information of the built-up CFS created with spot weld is still limited rather than
other fasteners to form a symmetrical and closed section. Besides, the built-up CFS stub column infilled with normal concrete
is considered a common of the study, but nowadays they are combined with special concrete for increasing the strength and
improving the stability of the structure. The combination of built-up CFS with special concrete is recognized as new research
activity and there is no code of practice that fully describes it. The arrangement and complete experimental setup for the
built-up CFS stub column subjected to axial compression are not explained well in previous studies, especially the support

condition and the imperfection analysis.
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Previous studies have not enlightened the utilization of special concrete in the built-up CFS stub column as a structural
component to reduce the overall weight and production cost of the structure, such as the optimum percentage of waste material
for replacing the traditional material. Roy et al. [18] have reported that the information and design guidelines of the CFS stub
column in the Australia-New Zealand code of practice (AS/NZS 4600) are classified as conservative when compared with a
slender column. Roy et al. [19] stated that there are limited information and study on the determination of the strength due to
axial compression for built-up face-to-face CFS and the effect of the spacing of the fastener. Ferhoune and Zeghiche [20]
reported that very few studies by experiments have been conducted on the built-up CFS stub column which is with welding

fastener and filled with normal concrete or special concrete.

4. Specimen Preparation and Experimental Setup

The CFS channel section with double intermediate web stiffeners and with a dimension of web element of 75 mm, flange
elements of 34 mm, lipped element of § mm, the thickness of 1 mm, and steel grade of 550 MPa is selected as shown in Fig. 3.
The section properties of the CFS channel section are tabulated in Table 1. CFS channel section is clean and clear before
starting by checking the material properties of the section using a coupon tensile test specimen. CFS is cut on the web and
flange elements which are situated vertically as similar as the column condition by referring to BS EN 10002-1:2001 [21].
Then, two CFS channel sections are located face to face to produce the built-up CFS section as same as the square hollow
section by using spot weld on three locations as shown in Fig. 4. The spot weld with the width of 5 mm and with three numbers
is located at the top, middle, and bottom of the built-up section in two parts (left and right) by referring to the study of Roy et al.

[19]. The height of the specimens is constant at 250 mm.

The BA collected from the furnace or boiler kiln is prepared for the cleaning and washing process to form the WBA with
appropriate sizes. For material properties of the WBA concrete, the concrete with grade 20 is designed by using material
density and cast in 5 times accordingly to the proportion of sand replacement, 0%, 25%, 50%, 75%, and 100%. The total
specimen of the concrete for material properties is 30 cubes, and the mix of all specimens is without using a superplasticizer.
The concrete is cured in the water-curing tank for 7 days and 28 days of compressive strength. The built-up CFS section, as
shown in Fig. 4(a), is filled with normal concrete as a control specimen and WBA concrete with 25%, 50%, 75%, and 100% to
form a column. The total specimen of the built-up CFS column with WBA concrete is 12 specimens and 3 specimens with
normal concrete. The built-up CFS with normal and WBA concrete is cured for 28 days before testing. The imperfection and

residual stress of the CFS section are ignored in the study.

In the experimental activity, there are four parts which include material properties of CFS, material properties of WBA
concrete, mechanical properties of the connection, and mechanical behavior of built-up CFS stub column. The universal testing
machine (UTM) with a capacity of 30 kN is used for determining the material properties of the CFS test. The mechanical
properties of connection are divided into two parts: shear connection and pull-out connection test. From the material properties
of CFS, the ultimate strength, yield strength, elastic modulus, and deformation at ultimate load are observed. Furthermore,
there are four specimens for the shear connection test and three specimens for the pull-out connection test proposed for
checking the mechanical properties of the connection. The UTM with a capacity of 100 kN is utilized. The ultimate load of all

connection test specimens is determined and the failure mode is observed.

Next, the material properties of the normal and WBA concrete, especially the ultimate load and compressive strength, are
determined by using an auto compression machine with a capacity of 3000 kN. The failure mode of the concrete under
compressive strength is observed. Lastly, for the mechanical behavior of the built-up CFS stub column, the ultimate load of the
column is evaluated and the failure mode of the column for all proportions of WBA concrete is observed. The built-up CFS
column without concrete is also determined for the comparison study. The experimental setup of the mechanical behavior of

the built-up CFS stub column has followed the study of Mohd Sani and Muftah [22] as shown in Fig. 5.
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Fig. 3 The cross-section and dimension of the CFS channel section

Table 1 The section properties and dimensions of the CFS channel section

Parameter Value and unit
Web (D) 75 mm
Lipped (L) 8 mm
Area (A) 148 mm*
Second moment of area () | 0.135 x 10° mm*
Section modulus (Z,,) 3.605 x 10° mm’
Radius of gyration (Ry) 30.22 mm
Flange (F) 34 mm
Thickness (7) 1 mm
Yield strength (f,) 550 MPa
Second moment of area (I,y) | 0.025 x 10° mm*
Section modulus (Z,) 2.240 x 10° mm’®
Radius of gyration (R,) 12.94 mm
L 68 mm N T
I7 "
W _A— 125 mm
® 250 mm
75 mm
- v -y
h Spot Weld =
(a) Top (b) Front Fig. 5 Experimental setup for testing the mechanical
Fig. 4 The view of the built-up CFS column behavior of the built-up CFS stub column

5. Results and Discussion

The results and discussion for the four parts of the experiment are analyzed here for achieving the objective of the study. The
results and discussion are started with the material properties of CFS, continued with the material properties of WBA concrete and

mechanical properties of the connection test, ending with the mechanical behavior of the built-up CFS stub column.

5.1. Material properties of cold-formed steel (CFS)

The result of the material properties of CFS is tabulated in Table 2. From the table, the highest value of the ultimate load is
the flange element, and the lowest value of the ultimate load is recorded at the web element. The percentage difference of 5.89%
for ultimate load, 5.88% for ultimate strength, 6.43% for yield stress, 2.44% for elastic modulus, and 4.06% for deformation at
ultimate load are recorded between web and flange elements. The ultimate load and strength of the flange element are more than
the web element because of the process of bending the flat element into a new element. The ultimate and yield strength is vividly

increased from web to flange element due to strain hardening and cold-rolling process in the ambient temperature.
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Besides, the increment is also due to cold-forming, which produces new strength, is added with existing strength, and
decreases the ductility. Therefore, the ultimate load and strength of the element are dependent on the bending process. If the
element is without a bending process, the ultimate load and strength would show the lowest value. The CFS which was bought
from the Malaysia construction market has met the quality and is suitable for further work. Dinis et al. [23] reported that the
elastic modulus of the web element is higher than the flange element when testing by using a coupon tensile specimen. Fig. 6

illustrates the example of the coupon specimen after failing, and Fig. 7 shows the stress-strain graph of the CFS.

Table 2 The result of the material properties of CFS

Element Ultimate load | Ultimate strength | Yield strength | Elastic modulus ]?eformation at
(kN) (MPa) (MPa) (GPa) ultimate load (mm)
Web 6.71 536.6 524 205 4.43
Flange 7.13 570.1 560 200 4.25

Fig. 6 The coupon specimen after testing
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Fig. 7 The stress-strain graph of the material properties of CFS

5.2. Material properties of washed bottom ash (WBA) concrete

The material properties of WBA concrete, especially the ultimate load and compressive strength, are tabulated in Table 3.
From the observation, the color of the specimen without WBA is brighter if compared with the specimen with WBA which
shows dark grey. Fig. 8 and Fig. 9 illustrate the relationship between the compressive strength and the age of curing and the
relationship between the compressive strength and the proportion of WBA, respectively. The highest and lowest value of
compressive strength is 25% and 100% respectively of the WBA concrete specimen. The ultimate load and compressive
strength of the WBA concrete are increased by increasing 25% WBA and decreased by increasing more than 25% WBA. This

is because the WBA concrete with a high percentage of WBA has the fresh mix very dry and the hardened concrete too brittle.

The compressive strength of all specimens is increased from 7 days to 28 days as calculated approximately 24.26% of 0%,
26.15% of 25%, 25% of 50%, 21.05% of 75%, and 24% of 100%. The percentage achieved from the calculation is noted as
significant and acceptable. The result of ultimate load and compressive strength with 25% WBA which is more than the control
mix is similar to the study by Kim et al. [24]. Kim et al. [24] reported that the specimens with 25%, 50%, and 75% fine BA

aggregate have shown more value of compressive strength compared with the control mix. The percentage difference of the
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compressive strength between all specimens with control is 7.34% of 25%, 18.81% of 50%, 71.78% of 75%, and 87.62% of 100%
WBA concrete specimen. The failure mode of the 0% (control mix), 25%, 50%, and 75% are shown in Fig. 10. 100% WBA

concrete specimen is classified as brittle concrete as shown in Fig. 11 with the overall side, and the corner of the cube is broken.

Table 3 The ultimate load and compressive strength of the WBA concrete specimen

7 days 28 days
Specimen | Ultimate load | Compressive | Ultimate load | Compressive
(kN) strength (MPa) (kN) strength (MPa)
0% (control) 153.5 15.3 202.2 20.2
25% 160.7 16.1 218.7 21.8
50% 123.0 12.3 164.0 16.4
75% 44.9 4.5 57.56 5.7
100% 19.5 1.9 24.66 2.5
22 @t ()% (Control)
= 20 ——125%
5 I8 ——50%
5§ 16 ——175%
a4 = 100%
1) n“j 12
=310
i< v
=2 6
g 4
O 2
0
7 days 28 days
Age of Curing

Fig. 8 The relationship of the compressive strength and the age of curing
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Fig. 9 The relationship of the compressive strength and different specimens

Fig. 10 The failure mode of specimen

Fig. 11 The failure mode of 100% WBA specimen after compressive strength test
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5.3. Mechanical properties of the connection test

The shear connection test is conducted and the result is shown in Table 4. The percentage difference between the full weld
and spot weld is determined and noted to have 77.49% for 1SW, 73.60% for 2SW, and 27.67% for 3SW. 68.87% and 63.50%
are reported when the 3SW specimen is compared with 1SW and 2SW, respectively. 3SW is classified as an appropriate
connection method for the built-up CFS section that gives the optimum value and shows the highest value of ultimate load with
less energy consumption and less cost compared with the full weld method. The failure mode of all specimens is observed to
have the break at the location of the weld. Fig. 12 illustrates the ultimate load between the methods of connection for shear

testing. The graph illustrates that the ultimate load is increased by increasing the number of the spot weld.

The result of the pull-out connection test is tabulated in Table 5. Three specimens are tested and two-surface full weld
(2SFW) specimens obtain the highest ultimate load value of 37.03 kN. The percentage differences between the three-number
spot weld (3SW) specimen with 1SFW and 2SFW are 27.10% and 55.04%, respectively. The deformation at ultimate load
between 3SW and 1SFW is illustrated similarly and the value is not too far between them, around 9.37%. The deformation at
ultimate load for 2SFW is 10.64 mm and demonstrates that the connection with full weld at two surfaces is the most practical
method to the joint between two sections. With the less deformation at ultimate load among the specimen, 2SFW is considered
an appropriate connection method but the specimen is categorized as more costly and has high energy consumption when using
full weld and compared with other connection methods. 3SW specimen is classified as a suitable connection method that
provides a significant ultimate load for joining between two specimens without high cost and energy consumption. All

specimens fail due to breaking at the weld.

Table 4 The shear connection test result

Specimen Symbol LG Failure mode
(kN)

Full weld FwW 13.37 Break at the weld
One-number of spot weld 1ISW 3.01 Break at the weld
Two-number of spot weld 2SW 3.53 Break at the weld

Three-number of spot weld | 3SW 9.67 Break at the weld
14
12

Z 10

32 8

3

© 6

<

£ 4

S

0
1SW 2SW 3SW FwW
Specimen

Fig. 12 The graph of the ultimate load according to the specimen or method of connection

Table 5 The pull-out connection test result

Spadtmen Symbol Ultimate load ]?eformation at
(kN) ultimate load (mm)
Three-number spot weld | 3SW 16.65 25.14
One-surface full weld 1SFW 22.84 27.74
Two-surface full weld 2SFW 37.03 10.64

5.4. Mechanical behavior of built-up cold-formed steel (CFS) stub column

The mechanical behavior of the built-up CFS stub column is tabulated in Table 6 and Fig. 13. The highest value of the

ultimate load and compressive strength is 25% WBA specimen, and the lowest value of the ultimate load and compressive
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strength is 100% WBA specimen. The ultimate load of the built-up CFS stub column without concrete is reported to have 73.5
kN. When the built-up CFS column is filled with normal concrete, the ultimate load is increased by around 55.86%. Although
when the built-up CFS column is filled with WBA concrete with a different proportion, the ultimate load is improved
approximately 66.53% of 25%, 54.148% of 50%, 48.24% of 75%, and 46.55% of 100% WBA specimen. The percentage
difference of the ultimate load between the control specimens with WBA concrete is noted as having 24.18% for 25% WBA
specimen, 3.72% for 50% WBA specimen, 14.72% for 75% WBA specimen, and 17.42% for 100% WBA specimen.

The failure mode of the specimen is also tabulated in the table and illustrated in Fig. 14. All specimens are observed to
have local buckling and distortional buckling. Nie et al. [5S] mentioned about the local buckling existing for the short column at
web and flange elements when subjected to axial compression. The web and flange elements are deformed and moved out from
the original as shown in the red circle in Fig. 15. The specimens do not fail at the connection area between one CFS channel
with another CFS channel. The CFS section shows significant failure in buckling rather than concrete either normal or WBA
concrete which does not illustrate the crack or failure as illustrated in Fig. 16. From the experimental activity, the built-up CFS
with WBA concrete of 25% is shown as the specimen with optimum value, and the built-up CFS with WBA concrete of 50% is
represented quite similar with control specimen. Besides, the 75% WBA and 100% WBA specimens are observed to fail on the
surface of the column due to the brittleness of the WBA when fully replaced with sand. The pattern of the failure mode of all

specimens is observed having the same condition and proven by previous studies, Nie et al. [S] and Nie et al. [25].

Table 6 The result of the mechanical behavior of the built-up CFS stub column

Specimen Ultimate load | Compressive Failure mode
P (kN) strength (MPa)

0% (control) 166.5 31.71 Local and distortional buckling
25% 219.6 41.83 Local and distortional buckling
50% 160.3 30.53 Local and distortional buckling
75% 142.0 27.05 Local and distortional buckling
100% 137.5 26.19 Local and distortional buckling

250
200
Z
9 150
Q
A
2 100
<
£
5 50
0
0% (control) 25% 50% 75% 100%
Specimen

Fig. 13 The ultimate load of the built-up CFS column with different proportions of WBA concrete

— = T

Without Concrete 0% WBA 25% WBA 50% WRA 75% WBA 100% WRA [

Fig. 14 The failure mode of the built-up CFS specimen from the front view
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Without Concrete 0% WBA 100% WBA

Fig. 16 The failure mode of the built-up CFS specimen from the top view

6. Conclusions and Recommendations

From the result and observation of the complete experimental activity, several conclusions and recommendations are

drawn as shown here.

(1) The compressive strength of the WBA concrete with 25% of WBA is increased approximately 7.34% when compared with
the control specimen. The result of compressive strength is increased between 21% and 26% when the concrete is fully
submerged in water in early strength age with mature strength. The WBA concrete with more than 25% of WBA is shown
to decrease and recorded to have 19% to 88% compared with the control mix. From the observation of the failure mode, the

WBA concrete is noted to have brittle conditions when achieving more than 50% or until 100% of WBA.

(2) The built-up CFS stub column with 25% WBA concrete is shown to have the highest value of ultimate load and
compressive strength with 219.6 kN and 41.83 MPa respectively and recorded to have 24.19% compared with the control
specimen. The ultimate load and compressive strength of the built-up CFS column are increased when the WBA concrete is

less than 25% and decreased when the WBA concrete is more than 25%.

(3) All specimens failed the local and distortional buckling on the steel surface, but there are no cracks or failure on the
concrete surface detected. Thus, the utilization of 25% WBA as sand replacement can reduce the production cost and

environmental problems produced from the site of the sand quarry.

For further study, the casting and mixing process of the fresh concrete must be added with the superplasticizer for
controlling the strength and workability of the specimen. The built-up CFS intermediate and slender column should be
designed and established to determine the relationship between the slenderness ratio and strength of the column. Lastly, the
built-up CFS column with a variety of the fastener should be designed, produced, and discussed, and the imperfection aspect

should be added in numerical analysis to evaluate the mechanical behavior.
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