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ABSTRACT The steel-constructed buildings in Indonesia are on the rise, indicating a growing preference for their durability and versatility in

construction projects. This led to the general application of Round Hollow Structural Section (Round HSS) as column and beam elements. Therefore,

this study aimed to conduct parametric analysis of the effect of Diameter-to-Thickness Ratio (D t-1) on the three-point and four-point flexural analysis of

Round HSS beam using MSC Marc/Mentat software. Nonlinear materials and geometries were employed, along with the application of contact analysis,

with contacted and contacting bodies. Moreover, the load and boundary condition were set to be similar to the experiment. The results showed that a

greater D t-1 led to the possibility of withholding a smaller load and causing smaller displacement in Group A with fixed diameter and different thickness

values. Meanwhile, in Group B with fixed thickness but different diameters, a greater D t-1 led to the potential of restraining more load and experiencing

smaller displacement. All specimens from both groups were observed to have failed due to a combination of global and local buckling at the right

location under the load applied. AISC bending moment calculated was found to be greater than the values obtained from the finite element analysis

for all sections under three-point loads. It was also discovered in the four-point flexural analysis that the bending moment of noncompact section was

greater than for AISC while those for the compact section were lower. Furthermore, shear strength (Vn) calculated was observed to be greater than

shear force from finite element analysis (Pmax/2).
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1 INTRODUCTION

The main ingredients for affordable and readily

available steel typically consist of iron and car-

bon. Using steel in construction offers benefits like

faster building, cost efficiency, and quicker project

completion. Steel with Round Hollow Structural

Section (Round HSS) is observed to be generally

used as both column and beam elements. An

important function of beam elements in build-

ings is to carry the load distributed on the floor

slab. However, Round HSS beam can potentially

undergo local yielding, buckling, or failure be-

fore reaching its ultimate strength when subjected

to excessive floor loads. According to the User

Note Table F1.a in AISC 360, there are no specific

requirements for flange and web slenderness for

Round HSS, indicating empty information (AISC,

2022). Furthermore, in AISC 360, a steel section

can be classified as compact, noncompact, or slen-

der as shown in Figure 1a. A compact section

typically develops a full plastic stress distribution

and has a dimensionless rotational capacity (R) of

about three before local buckling occurs. Mean-

while, A noncompact section can develop yield

stresses in its compression elements before local

buckling but cannot produce a rotational capac-

ity, R, of three. On the other hand, a slender ele-

ment profile is characterized by having sufficient

slender plate components, which ensure the oc-

currence of local buckling within the elastic range.

Chord rotation in calculating the R value can be

seen in Figure 1b.

Round HSS was observed to have been widely used

in several offshore pipe-building structures and

deep-water platforms, as well as hotels, houses,

and others. This was due to its structural behavior

such as beam with width-to-thickness ratio (D t-1)

ranging between 16-48 and the very high tensile

strength of steel between 450 to 1350 MPa as re-
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(a) The rotational capacity
(b) Definition of chord rotation (rotation angle) (Niroomandi

et al., 2015)

Figure 1 The chord rotation angle

ported in pure flexural and 4-point bending exper-

iments. Moreover, the full plastic moment capac-

ity of the sectionhas been analyzedusing up to 198

slenderness. Some studies also proposed a limit of

117 and 153 based on the R-value of 3 and 4, re-

spectively (Jiao and Zhao, 2004). Chan and Gard-

ner (2008) were observed to have tested 4- and 3-

point flexures on elliptical hollow hot rolled steel

beam while the flexural test data for Round HSS

beam were used by Sherman (1986) and Gardner

and Chan (2007) as a reference to analyze ellipti-

cal beam. Elchalakani et al. (2002) also tested 12

Round HSS beams with D t-1 ranging from 37 -122

and compared the findingswith design regulations

AS4100 (AS4100, 2020) while Guo et al. (2013)

determined the effect of cross-sectional slender-

ness, D t-1, from 75 to 300 on the inelastic and

elastic flexural properties of thin-walled Round

HSS beam. The influence of welded stiffeners on

steel tube was also studied and the results showed

an increase in beam capacity and specimen duc-

tility. The experimental results were eventually

compared with current design guidelines such as

AISC-LRFD (AISC, 2005), AS4100 (AS4100, 2020),

and Eurocode (BS, 2006).

AISC 360 (AISC, 2022): F8 applied to Round HSS

required the width-to-thickness ratio for the el-

ement λ= D t-1, to be less than 0.45E Fy without

any specific mention of the minimum value limit.

Moreover, the behavior and strength of RoundHSS

beam having λ= D t-1 higher than 0.45E Fy are not

included in the article. This means there is a need

to apply the finite element analysis to solve the re-

lated problems. Therefore, the method has been

used in several studies to validate the experimen-

tal results of hollowbeams. For example,Chan and

Gardner (2008) used the finite element software,

ABAQUS, to validate the experimental results of 3-

point and 4-point hollow elliptical bending beam

and Zhu et al. (2021) on elliptical hollow 4-point

bending beam.

A study was conducted to investigate the impact

of load shape tips including round, square, and

diamond on compact beam subjected to midspan

loads using MSC Marc/Mentat software (Effendi

et al., 2014). Moreover, the finite element model

from Effendi et al. (2015) was applied to paramet-

ric study of the D t-1 ratio against the strength of

the flexural and shear of Round HSS beam. The 3D

FEMmodel was developed with due consideration

for the material and geometrical nonlinearities as

well as the bearing action known to be influenc-

ing the accuracy of the results. The bearing action

was also considered in the process of analyzing the

contact between the loading plate and beam. Fur-

thermore, Round HSS was modeled using 3D solid

element type 7 (MSC, 2010) and the design flexu-

ral and shear strength were evaluated based on the

Specifications for Structural Steel Buildings AISC

360 (AISC, 2022).

2 STRENGTH OF BEAM

2.1 Nominal Flexural Strength

AISC 360 classifies cross-sectional shapes as com-

pact, non-compact, or slender, depending on the

values of the width-to-thickness ratios under flex-

ure in Section B4, “Member Properties,” (AISC,

2022) Table 1 summarized as follows.

1. If λ ≤ λp and the flange is continuously con-

nected to the web, the shape is compact
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Table 1. Width-to-Thickness Ratios: Compression Elements Members Subject to Flexure (BSN, 2020)

Stiffened Elements Description of Element
Width-to Thickness

Ratio

Limiting Width-to-Thickness Ratio

λp

(compact/noncompact)

λr

(noncompact/slender)

Round Hollow Structural Section D/t 0.07 E/Fy 0.31 E/Fy

2. If λp < λ ≤ λr, the shape is noncompact

3. If λ > λr, the shape is slender.
Where λ refers as width-to-thickness ratio, λp as

upper limit for the compact category, and λr as up-
per limit for noncompact category.

AISC 360, F8, applies to Round HSS with a width-

to-thickness ratio, λ= D t-1, less than 0.45E Fy
-1.

The nominal flexural strength, Mn, is required to

be either the lowest value obtained according to

the limit states of yielding (plastic moment) or lo-

cal buckling as follows (AISC, 2022).

Mn1 = Mp = FyZ (1)

Where Z is plastic section modulus (mm3) and Fy

is specified minimum yield stress (MPa).

Local Buckling

1. For sections with compact shapes, the limit

state of local buckling for the flange does not

apply.

2. For sections with noncompact shapes

Mn2 = (
0.021E

D/t
+ Fy)S (2)

3. For sections with a slender shape

Mn3 = FcrS (3)

where,

Fcr =
0.33E

D/t
(4)

S refers to elastic section modulus about the

axis of bending (mm3), D as outside diameter

of round HSS, in. (mm), and t as round hollow

section thickness (mm).

The bearing action was assumed in this study to

be the cause of local buckling and was developed

based on the contact between the tip of the loading

plate and beam.

2.2 Nominal Shear Strength

Nominal shear strength, Vn, of round hollow sec-

tion was calculated according to the ultimate

shear yield and shear buckling andwas determined

based onArticle G5 ofAISC 360 (AISC,2022) as fol-

lows:

Vn =
FcrAg

2
(5)

where: Fcr was required to be the greatest value

between

Fcr1 =
1.6E√

Lv
D [Dt ]

5.4-1
(6)

and

Fcr2 =
0.78E

[Dt ]
3.2-1

(7)

but not more than the value of 0.6Fy.

WhereAg is gross cross-sectional area of structural

members (mm2), D is outer diameter (mm), Lv is

distance from the location of the maximum shear

force to the zero shear force (mm), and t is thick-

ness of wall design (mm).

Shear buckling equations, Equation 6 and Equa-

tion 7, are normally used for the D t-1 was above

100, high-strength steel, and beam long span.

Meanwhile, the shear yielding applied for standard

profiles and Fcr = 0.6Fy.

3 LOCAL BUCKLING LIMIT STATE

The main internal actions on beam subjected to

a transverse load are usually on its cross-section

in the form of the bending moment, M, and shear

force, V. The equations to be used in the design

are normally governed by the section classifica-

tion. For example, the compact section is capa-

ble of attaining full plastic moments before expe-

riencing local buckling effect. This simply means

the local buckling effect can be completely ignored
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Table 2. Local Buckling Limit State-Flexural Strength Relationship (Mahamid et al., 2020)

Classification of the

compression element

Limiting Width-

to-Thickness Ratio
Failure mode Nominal flexural capacity

Compact λ≤ λp Plastic hinge formation Mn1 = Mp

Noncompact λp < λ≤ λr Inelastic local buckling My < Mn2 < Mp

Slender λr < λ Elastic local buckling Mn3 < My

in the design. Meanwhile, local buckling is expe-

rienced in the noncompact section before the de-

velopment of the full plastic moment and after the

onset of the first yield. For the slender section, lo-

cal buckling is expected to occur before the first

yield of material due to bending. Therefore, the

equations for local buckling limits and beam flex-

ural capacities of each section classification are

summarized in the following Table 2 (Mahamid,

2020).

Where My is the yield moment about the axis of

bending (Nmm):

My = FyS (8)

4 PLASTIC LOAD

The information presented in SIA 265 (SIA265,

2012) shows that two lines are used in the load-

displacement curve to determine plastic load

(Ppl). The first line represents initial stiffness

(Kα), which is usually calculated from 10% to 40%

of the maximum load, and forms an angle α with

the displacement axis. Meanwhile, second line

(Kβ), is drawn at a slope equal to one-sixth of the

secant line slope in the load-displacement curve.

Plastic load is determined as the intersection of

those two lines (Kα and Kβ) as presented in Fig-

ure 2.

Figure 2 Definition of plastic strength

5 STUDY METHODOLOGY

5.1 Finite Element Modeling

Finite element modeling is one of the optimal

ways to reproduce the experimental response of

tubular steel beam structures. It was conducted

in this study using the commercial finite ele-

ment software MSC Marc/Mentat (MSC, 2003)

through both nonlinear material and geometrical

approaches. The process requiredmaking an exact

model of the laboratory specimen in terms of di-

mensions, boundary conditions, and loading sys-

tem. The loading elements were modeled using

surface geometrywhile steel tubewas based on the

solid elements (Type 7 MSC Marc/Mentat). More-

over, Figure 3 shows that themesh size of the solid

element under the load surfacewas 8.3x16x3.2 and

this was smaller compared to those far from the

load with 16.6x16.6x3.2. It was also observed that

a shell element (Type 75MSCMarc/Mentat) (MSC,

2010) was used for the end support.

The mechanical properties of steel tube used in

this study are presented in the following Table 2.

It was discovered that beam specimen was in the

range of λ= (D t-1) less than 0.45(E Fy
-1) = 0.45

(211000/386) = 245. Steel parts were modeled in

FE analysis as bilinear elastic plastic material, the

yield stress (Fy) and tensile stress of tube were

recorded to be 386MPa and 520MPa, respectively,

while the modulus of elasticity (E) was 211 GPa

and Poisson’s ratio (v) was 0.3. Steel plate was

an elastic material and the boundary conditions

of the support were observed to be pin-roller sup-

ports but the loading was simulated to determine

the conditions to be used during the experiment as

presented in Figure 4. Moreover, the displacement

loading was controlled by setting the loading ge-

ometry to move downward by 120 mm. It was also

observed that beam span was 996 mm.

The downwardmovement of the rigid geometry for

14
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Table 3. Mechanical Properties of Parametric Study

Section
D

(mm)

t

(mm)
λ=D t-1 λp λr Beam Classification

Ag

(mm2)

Z

(cm3)

S

(cm3)

Group A

CVSt12 114.3 1.2 95.2 38.2 169.4 Noncompact 426.3 15.4 11.9

CVSt22 114.3 2.2 51.9 38.2 169.4 Noncompact 774.7 27.6 21.3

CVSt32* 114.3 3.2 35.7 38.2 169.4 Compact 1116.8 39.5 30.1

CVSt42 114.3 4.2 27.2 38.2 169.4 Compact 1452.7 50.9 38.5

CVSt52 114.3 5.2 21.9 38.2 169.4 Compact 1782.2 61.9 46.5

CVSt62 114.3 6.2 18.4 38.2 169.4 Compact 2105.5 72.5 53.9

Group B

CVSd250 250.0 3.2 78.1 38.2 169.4 Noncompact 2481.1 194.9 151.1

CVSd200 200.0 3.2 62.5 38.2 169.4 Noncompact 1978.4 123.9 95.8

CVSd150 150.0 3.2 46.8 38.2 169.4 Noncompact 1475.7 68.9 53.0

CVSd100 100.0 3.2 31.2 38.2 169.4 Compact 973.1 29.9 22.8

CVSd75 75.0 3.2 23.4 38.2 169.4 Compact 721.8 16,5 12.4

CVSd50 50.0 3.2 15.6 38.2 169.4 Compact 470.4 7.0 5.2

* reference (Effendi et al., 2015),

Figure 3 The mesh of FEM model

Figure 4 The loading plate, boundary, and support conditions

Figure 5 Contact analysis

the loading surface was used to provide contact as

shown in Figure 5. Furthermore, the contact be-

tween the surfaces of the loading plate and steel

tube was used to model the loading as a touch-

ing contact type without friction. This allowed the

possibility of separationwithout any formof pene-

tration between the contacting and contacted bod-

ies.

6 RESULTS AND DISCUSSION

6.1 Load-Displacement Response and Failure Modes of
Specimen Reference

The finite element analysis was compared to the

experimental load-midspan displacement curves

derived for the steel tubular beam by Effendi et al.

(2015) as presented in Figure 6. It was discovered

that the curve was generally characterized by both

elastic and inelastic range. The load-displacement

behaviour was also determined based on the dis-

tinct patterns on the curve and the linear curve

observed during the elastic phase shifted to a

quadratic curve during the inelastic phase. Sub-

sequently, there was a gradual decrease in load as

the displacement angle increased after reaching

the peak load. It was also found that the finite el-

ement analysis did not precisely replicate the ex-

perimental results as shown by the slight dispar-

ity between the two curves but they both gener-

ally had a consistent trend. The finite element

analysis curve was wavy due to the complexities

of the contact model between the loading plate

and beam, along with the need for a more strin-

gent convergence tolerance value. The results ef-

fectively showed that the finite element model de-

veloped for steel tube beam effectively captured

the load-displacement response observed in the

experimental test.

The final failure shape of round steel tube beam

presented in Figure 7 showed that beam generally

experienced a form of global flexural failure along

with local buckling failure just below the loading

plate. Moreover, the shape of local buckling re-
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Figure 6 Load–displacement response

sembled the loading plate tip as presented in Fig-

ure 7b and the results of the finite element model-

ing were observed to be similar to those obtained

from the experiment. Local buckling was also

found below the loading plate element while the

yield stress concentrationwas identified under the

loading plate placed on the top sides of the steel

beam. This yield stress concentration affected the

load-carrying capacity of the specimen as shown

in the descending part of the load-displacement

curve in Figure 6. Furthermore, the capacity of

steel beam could be governed by buckling failure

before full plastic resistance was developed dur-

ing the subjection of the elements to compressive

stresses (Kamruzzaman et al., 2017). This phe-

nomenon was presented in Figure 7b where the

compressive stress of component 1-1 was not fully

plastic because of local buckling failure.

6.2 Load-Displacement Response from Parametric Study

of D t-1

Three-and four-point bending tests are commonly

used to determine the flexural strength of speci-

men. It was observed that the finite element mod-

eling applied produced appropriate results com-

pared to the experiment and this led to the sub-

sequent usage of the model to conduct paramet-

ric studies. This was achieved by dividing the data

into two groups includingGroupAwhere the value

of the diameter was fixed and the thickness var-

ied and Group B where the value of the thick-

ness was fixed and the diameter varied. All beams

were loaded with a displacement control of 120

Figure 7 Failure of beam

mm which was exactly the same as the reference

beam loading value. Figure 8a shows the load-

displacement curve for Group A with the displace-

ment measured below the middle of beam span.

The results showed that the CVSt12 beam (D t-1

=92.25) had the smallest maximum load of 11.1

kN while the CVSt62 beam (D t-1 = 18.44) had the

largest with 105 kN. The CVSt12 beam (D t-1 =

92.25) also had the lowestmaximumdisplacement

of 55.8 mm while the CVSt62 beam (D t-1 = 18.44)

had the highest with 99.5 mm. Furthermore, the

results of the three-point flexural analysis were

compared with those of the four-point where two

loads were placed at a distance L/3 from the sup-

ports. Figure 8b shows that the CVSt12 beam (D t-1

= 92.25) had the smallest peak load of 17.9 kN and

the CVSt62 beam (D t-1 = 8.44) had the largest with

161 kN. The CVSt12 beam (D t-1 = 92.25) also had

the lowest displacement value of 72 mm while the

CVSt62 beam (D t-1 = 18.44) had the highest with

126 mm. The results further showed that beam

with the D t-1 range from 18.44 to 92.25 experi-

enced a linear decrease in the load after reach-

ing the peak, showing the possibility of restrain-

ing smaller loads at higher D t-1 in Group A. The

thickness of steel tube beam was also found to be

affecting the load value to be restrained and this

was shown by the fact that a higher D t-1 led to

smaller displacement in Group A.

The results of the three-point flexural analysis

presented in Figure 9a showed that the CVSd50

beam (D t-1 = 15.63) had the smallest load of 11.5

kN in Group B and the CVSd250 beam (D t-1 =

78.13) had the largest with 137 kN. The displace-

ment on the lower side of the center span for the

CVSd50 beam (D t-1 = 15.63) was the largest with

16
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Figure 8 Load–displacement response for Group A

Figure 9 Load–displacement response for Group B

134 mm while the CVSd250 beam (D t-1 = 78.13)

had the smallest at 9.22 mm. The results of the

four-point flexural analysis presented in Fig. 9(b)

also showed that the CVSd50 beam (D t-1 = 15.63)

had the smallest load of 19.1 kN and the CVSd250

beam (D t-1 = 78.13) had the greatest with 165 kN.

The displacement on the lower side of the center

span for the CVSd50 beam (D t-1 = 15.63) was the

largest with 144 mm while the CVSd250 beam (D

t-1 = 78.13) had the smallest at 6.43mm. The trend

showed that a higher D t-1 led to the possibility

of restraining more loads in Group B and this was

different from the observations made in Group A.

Meanwhile, a higher D t-1 was discovered to have

led to smaller displacement which was similar to

the phenomenon in Group A.

6.3 Failure Mode from Parametric Study of D t-1

The nonlinear finite element analysis previously

explained in Chapter 6.1 was observed to have the

capacity to capture the failuremode of experimen-

tal results. The observation from the three-point

flexural analysis of Group A summarized in Fig-

ure 10 showed that beam with D t-1 between 35.75

(CVSt32) and 95.25 (CVSt12) had a flat oval fail-

ure on the upper side while those between 18.44

(CVSt62) and 27.21 (CVSt42) had a concave oval

shape. A similar trend was identified for Group B

in Figure 11 where D t-1 between 46.88 (CVSd150)

and 78.13 (CVSd250) was observed to have a flat

oval failure on the top side while those between

15.63 (CVSd50) and 31.25 (CVSd100) had a con-

cave oval shape. Moreover, all the specimens from

17



Journal of the Civil Engineering Forum Vol. 10 No. 1 (January 2024)

Figure 10 Failure mode and equivalent von mises stress of Group A in three-point flexural analysis

Figure 11 Failure mode and equivalent von mises stress of Group B in three-point flexural analysis

Figure 12 Failure mode and equivalent von mises stress of Group A in four-point flexural analysis

Figure 13 Failure mode and equivalent von mises stress of Group B in four-point flexural analysis
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Table 4. Summary of parametric study using three-point flexural analysis

Group Section D t-1
Mn (kNm) FEM

Mn/Mpl Mn/Mmax R
Vn

(kN)

Pmax/2

(kN)

Vn

Mn1 Mn2 Mpl Mmax Pmax/2

A

CVSt12 95.2 5.1 2.5 2.8 2.2 1.9 9.5 37.7 5.55 6.8

CVSt22 51.9 10.1 5.7 6.2 1.8 1.7 7.9 89.7 12.6 7.1

CVSt32* 35.7 15.2 9.4 10.6 1.7 1.5 8.2 129.3 21.4 6.0

CVSt42 27.2 19.6 14.1 15.3 1.5 1.4 8.3 168.2 30.8 5.5

CVSt52 21.9 23.9 18.6 20.6 1.4 1.2 8.4 206.4 41.4 5.0

CVSt62 18.4 27.9 24.4 26.1 1.2 1.1 8.7 243.8 52.5 4.6

B

CVSd250 78.1 66.9 28 34.1 2.5 2.1 7.4 287.3 5.75 50.0

CVSd200 62.5 43.7 17.7 19.5 2.6 2.4 11.7 229.1 12.2 18.8

CVSd150 46.8 25.4 12.7 14.0 2.1 1.9 10.9 170.9 18.1 9.4

CVSd100 31.2 11.5 8.2 9.0 1.5 1.4 12.2 112.7 28.2 4.0

CVSd75 23.4 6.3 5.7 6.1 1.2 1.1 10.4 83.6 39.2 2.1

CVSd50 15.6 2.7 2.7 2.8 1 1 11.5 54.5 68.5 0.8

both groups failed due to a combination of global

and local buckling at the exact location under the

load applied. For Group A, the width of equiv-

alent von mises stress that was greater than the

yield stress of CVSt12 (D t-1 = 95.25) beam was

higher compared to CVSt62 (D t-1 = 18.44) as pre-

sented in Figure 10. This showed that beam with

smaller thickness CVSt12 (D t-1 = 95.25) restrained

smaller load compared to those with higher thick-

ness CVSt62 (D t-1 = 18.44). For Group B, the width

of equivalent von mises stress that was greater

than the yield stress of CVSd50 (D t-1 = 15.63) beam

was observed to be smaller compared to CVSd250

(D t-1 = 8.13). This showed beam with a smaller

diameter CVSd50 (D t-1 = 15.63) was able to re-

strain a smaller load compared to those having a

higher diameter CVSd250 (D t-1 = 78.13). Mean-

while, all beams in both groups experienced a full

plastic section under load due to stress concentra-

tions in local buckling area. It was also discovered

that only CVSd250 (D t-1 = 78.13), CVSd200 (D t-1

= 62.50), and CVSd150 (D t-1 = 46.88) identified as

noncompact beam had yield stress close to both

supports.

The failure mode obtained through four-point

flexural analysis for beam inGroupsAand B is pre-

sented in Figures 12 and 13, respectively. It was

discovered that local buckling was not as deep as

those reported in the three-point analysis, mak-

ing it possible for beam to support more loads.

For Group A, the equivalent von mises stress was

found to be greater than yield stress concentra-

tion under load and near the middle of the span

for CVSt52 (D t-1 = 1.98) and CVSt62 (D t-1 = 8.44)

but only under load for CVSt12 (D t-1 = 95.25),

CVSt22 (D t-1 = 51.95), CVSt32 (D t-1 = 35.72), and

CVSt42 (D t-1 = 27.21) as shown in Figure 12. For

Group B, the equivalent von mises stress was also

identified to be greater than yield stress under the

load and near the mid-span for CVSd100 (D t-1 =

31.25), CVSd75 (D t-1 = 23.44), and CVSd50 (D t-1 =

15.63) but under the load and near the supports for

CVSd250 (D t-1 = 78.13), CVSd200 (D t-1 = 62.50),

and CVSd150 (D t-1 = 46.88) noncompact beam as

presented in Figure 13.

6.4 Flexural and Strength Comparison with available
Steel Specifications

Some specifications are available to design the

flexural and shear strength of round hollow steel

tube such as the American AISC LRFD (AISC360,

2016), Australian AS4100 (AS4100, 2020), and Eu-

ropean Specification (BS, 2006). The Indonesian

Steel specification was also adopted from AISC

LRFD (BSN, 2020). The results obtained from the

finite element analysis and applied in paramet-

ric studies were compared to the analytical cal-

culation according to Specifications for Structural

Steel Buildings AISC 360 (AISC, 2022) for verifica-

tion purposes.

The yielding moment (Mn1) was calculated using

Equation 1, local buckling moment (Mn2) through

Equation 2 for noncompact section, and beam

shear strength, Vn, using Equation 5. The com-

pact sections (CVSt32, CVSt42, CVSt52, CVSt62,

CVSd100, CVSd75, and CVSd50) were evaluated

using Equation 1 while the noncompact sec-

tions (CVSt12, CVSt22, CVSd250, CVSd200, and
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Table 5. Summary of parametric study using four-point flexural analysis

Group Section D t-1
Mn (kNm) FEM

Mn/Mpl Mn/Mmax R
Vn

(kN)

Pmax/2

(kN)

Vn

Mn1 Mn2 Mpl Mmax Pmax/2

A

CVSt12 95.2 5.1 4.2 4.4 1.2 1.2 15.4 37.7 8.9 4.2

CVSt22 51.9 10.1 9.4 9.9 1.1 1.0 8.6 89.7 20.3 4.4

CVSt32* 35.7 15.2 15.6 16.4 1.0 0.9 7.9 129.3 33.3 3.9

CVSt42 27.2 19.6 22.6 23.1 0.9 0.8 8.7 168.2 48.4 3.5

CVSt52 21.9 23.9 29.6 32.1 0.8 0.7 9.0 206.4 64.5 3.2

CVSt62 18.4 27.9 37.5 40.1 0.7 0.7 9.1 243.8 80.5 3.0

B

CVSd250 78.1 66.9 38.9 41.3 1.7 1.6 3.0 287.3 82.9 3.5

CVSd200 62.5 43.7 30.1 30.8 1.5 1.4 9.7 229.1 61.8 3.7

CVSd150 46.8 25.4 22.1 22.6 1.1 1.1 12.1 170.9 45.5 3.8

CVSd100 31.2 11.5 13.6 14.2 0.8 0.8 10.1 112.7 28.5 4.0

CVSd75 23.4 6.3 8.9 9.3 0.7 0.7 9.6 83.6 18.8 4.4

CVSd50 15.6 2.7 4.2 5.0 0.6 0.5 12.8 54.5 10.1 5.4

CVSd150) were through Equation 2. The Ppl value

was also determined from Chapter 4, the Mpl

was calculated using the principle of moment,

the Pmax value was obtained from the maximum

value of the load-displacement response produced

using finite element analysis, and the Mmax was

estimated using the principle of moment. The

summaries of parametric studies conducted us-

ing three- and four-point flexural analysis are pre-

sented in Tables 4 and 5 respectively. The results

in Table 4 showed that the three-point flexural

moment of Group A and Group B was greater than

those obtained from the finite element analysis.

All beams in both groups were observed to have

overestimatedmoment capacity of the section due

to local buckling.

The results in Table 5 showed that the four-

point flexural moment of the non-compact sec-

tions of Group A (CVSt12, CVSt22) and Group B

(CVSd250, CVSd200, CVSd150 was greater than

those from the finite element analysis. The over-

estimation was also found to be due to local buck-

ling. However, the results for the compact sec-

tion of Group A (CVSt12, CVSt22) and Group B

(CVSd250, CVSd200, CVSd150) were found to be

lower than the finite element analysis. The cal-

culated shear strength (Vn) was also higher than

the shear force from the finite element analysis

(Pmax/2).

7 CONCLUSION

In conclusion, three-point finite element analysis

conducted using MSC Marc/Mentat software was

able to capture the experimental result effectively

in terms of load-displacement response and fail-

ure mode shape. Parametric study showed that a

higher D t-1 led to the restrain of smaller load and

displacement in Group A consisting of beam with

fixed diameter and varied thickness. It was discov-

ered that the thickness of steel tube beam affected

the load to be restrained. Meanwhile, a higher D

t-1 led to the restraining of more loads and also

caused smaller displacement inGroupB consisting

of beam with fixed thickness and varied diameter.

The results further showed that all specimens from

both groups failed in three-point and four-point

flexural analysis due to the combination of global

and local buckling at an exact location under the

load applied. Furthermore, the flexural moment

calculated using AISC for compact and noncom-

pact sections under three-point load was found to

be higher than those from the finite element anal-

ysis. The flexural moment of noncompact section

from the four-point flexural analysis was discov-

ered to be greater than those calculated usingAISC

but the values for the compact section were lower.

The results also showed that the calculated shear

strength (Vn) was higher than the shear force pro-

duced from the finite element analysis (Pmax/2).
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