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Abstract

There has been an increase in the use of high-strength steel in several
countries, as they provide design lightweight structural members by
satisfying environmental and economic issues. This paper aims to
implement high-strength steels in the web-post buckling resistance
equation, which was based on the truss model according to EUROCODE
3, presented previously by the authors. For this task, a finite element
model is developed by geometrically and materially nonlinear analysis
with imperfections included. A parametric study is carried out,
considering the key geometric parameters that influence the web-post
buckling resistance. Three high-strength steel grades are studied (S460,
S690 and S960) and in total, 13,500 finite element models are processed.
A new factor for adapting high-strength steels to the equation proposed
previously was presented. The finite element results agree well with the
new proposal. The statistical parameters calculated, via the ratio

between the numerical and analytical models, considering the



regression, mean, standard deviation and variance, were 0.9817, 0.986,
8.32% and 0.69%, respectively. In conclusion, a reliability analysis was
presented based on Annex D EN 1990 (2002).

Keywords- High-strength steel; Elliptically-based web openings; Finite

element method; Web-post buckling; Reliability analysis.
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Notation

The following notations and symbols are used in this paper:

br  the flange width; k Coefficient in Eq. (2);
d the parent section height; K  Coefficient in Eq. (9);
d;  the total height after Kuss Coefficient in Eq. (13);

castellation process; ler  the  web-post effective
do the opening height; length;

d: the tee height; R the opening radius;

forw the critical shear stress in s the web-post width;

the web-post; tr the flange thickness;

t; the yield strength of the ¢ the web thickness;

steel section; V the global shear;

t the ultimate stress of the w the opening width;

steel section; e strain;

h the distance between Ao the reduced slenderness
flanges geometric centres of the factor;

parent section; Aw  the web-post slenderness
H the distance between factor;

flanges geometric centres after o stress;

castellation process; X the reduction factor;
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1. Introduction

Steel beams with elliptically-based periodical web openings are
manufactured by the castellation process! (Fig. 1). They present several
advantages in construction buildings, highlighting the flexural stiffness due
castellation process, the reduction in the structure's self-weight with the
addition of multiple closely spaced periodical web openings, reduction in the
structural floor height since the openings allow the passage of ducts for
service integration and favors the flow of air in closed environments such as
underground parking [1,2].

However, due to the presence of adjacent web openings and long spans,
those beams can reach different buckling modes, i.e., lateral-torsional, web-
post, web distortional, local flange and web, or even the interaction between
them [3—6]. The present study focuses on the web-post buckling. It is a local
web buckling mode with double curvature characterised by a lateral
displacement with torsion due to the horizontal shear acting in the web-post
[7,8]. In general, the main geometric parameters that influence the web-post
buckling resistance of perforated beams are the opening height, the web-post
width, and the web thickness [9,10].

Studies of steel beams with elliptically-based web openings started
with Tsavdaridis [11] and subsequently, several results were published.
Tsavdaridis and D'Mello [12,13] and Tsavdaridis et al. [14] worked with

optimization problems considering various shapes of openings. These studies

1Cutting and welding process based on increasing of the cross-section height, and
consequently the flexural stiffness. This process is described in the patent GB 2492176 that
was published by Tsavdaridis and D’Mello [18].
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highlighted that elliptically-based web openings resisted the formation of
plastic hinges at low values of loading. Tsavdaridis and D’Mello [8] carried
out tests considering different web openings shapes. The beams were
subjected to three-point bending. This investigation showed that elliptically-
based web openings had greater resistance to horizontal shear which caused
the web-post buckling. In Tsavdaridis and D’Mello [15], an optimisation study
was conducted to assess the Vierendeel mechanism resistance. The authors
emphasized that the elliptical-based web openings showed an increase in the
flexural stiffness, i.e., lower deflections when compared to steel beams with
circular web openings. Ferreira et al. [16] presented a web-post buckling
resistance calculation procedure focused on EC3 [17] strut model. This

procedure is presented in section 2.
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Fig. 1: Steel beams with elliptically-based web openings [18]
All previous studies employed normal strength steels, such as S275 and
S355. High-strength steels (HSS) are those with a yield strength (£) greater

or equal to 460 MPa. The application of HSS has been increasing in several
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countries, mainly due to economic and environmental issues, since less
material is used to perform the same functions as normal strength steels, as
well as possess an increased corrosion resistance leading to durability and
low maintenance [19-24]. The application of HSS makes the design of
lightweight structures possible by achieving substantial weight savings
where 34% savings had been recorded [25]. This paper aims to investigate the
web-post buckling resistance of steel beams with elliptically-based web
openings made of HSS. For this task, a finite element model is developed and
calibrated with tests by buckling and post-buckling analyses using Abaqus
[26]. A parametric study is conducted considering three classes of high-
strength steel, such as S460, S690 and S960. A Python script is written to
automate the high volume of analyses and a total of 13,500 finite element
models are developed. The results are discussed and a proposal is made for

design focus.

2. Web-post buckling resistance of perforated steel beams with
elliptically-based web openings

The calculation procedure, which is presented here, is based on the
compressed truss model (Fig. 2), according to EC3 [17], considering buckling
curves. In this scenario, SCI P355 [27] recommends using the buckling curves
b and c for hot-rolled and welded sections, respectively. Although these
recommendations are directed to perforated steel beams with circular web
openings, it is possible to apply them to steel beams with elliptical-based web

openings, since these structures are also manufactured by the castellation



64

65

66

67

68

69

70

71

72

73

74

75

76

77

process (similar to cellular beams), taking into account thermal cutting and

welding.

Upper
Tee

Lower
Tee

Fig. 2: Compressed truss model [16]

According to Ferreira et al. [16], the web-post buckling resistance is
calculated considering Eqgs. (1-10), in which s is the web-post effective
length, do is the opening height, R is the opening radius, H is the distance
between flanges geometric centres after castellation process, sis the web-post
width, wis the opening height, A 1s the the web-post slenderness factor, ¢y 1s
the web thickness, 7.+ 1s the critical shear stress in the web-post, £, is the
yield strength, Ao is the reduced slenderness factor and x is the reduction
factor. Although the web-post buckling resistance results presented by these
equations were accurate in the previous study, it is important to highlight

that high-strength steels had not been considered.

e [ )

H S S w
k = 0.516 — 0.288 (d—> +0.062 (——) + 2.384 (d—> —2.906 (—) (2)

0 S—w o do




78

79

80

81

82

83

84

85

86

87

88

12 3)
tw
m%E
ferw = m (4)
/ fy
1. = (5)
° ferw
¢ = 0.5[1+ 0.49(4y — 0.2) + 4,°] (6)
= ! < 1.0
X —= ©)
¢+ P2 — 4
ORk = K)(fy ®
K= 1318+1790(H)+0413( > ) 1926(S)+0937(W)
- . . do . S _ W ] do ] do
(9
d,
—0.02 (—) + 14122,
tw
Vek = Oritw(s —w) (10)

3. Finite element method

There are no tests available in the literature in relation to HSS beams
with elliptically-based web openings. Hence, a numerical model is developed
and validated for beams made of normal strength steel, such as S355 grade.
In this context, Al, A2, B1, B2 and B3 tests, which were carried out by
Tsavdaridis and D’Mello [8], are used in the validation study. As previously
presented by Ferreira et al [16], in the web-post resistance assessment, the
finite element models can be validated against tests considering full beam
and web-post models. The latter is a methodology consolidated in the

literature and has been widely used by several researchers [7,9,16,28-34].
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Geometrical and material nonlinear analysis with imperfections included
(GMNTIA) is considered. The initial geometric imperfection is applied with an
amplitude of di/500, as recommended by Panedpojaman et al. [29], since it
provided accurate results. A multilinear constitutive model of steel is
employed, considering steel S355, as presented in Shamass and Guarracino
[35] and Yun and Gardner [36]. The modulus of elasticity and Poisson's
coefficient are equal to 200 GPa and 0.3, respectively. It is important to
highlight that the development of full beams finite element models allows a
comparison between the numerical and test results, 1.e., load-displacement
relationships. On the other hand, the web-post finite element model only

allows numerical validation against test models considering the global shear.

3.1.  Full models

Full models of perforated steel beam are modelled, considering 10 mm
four-nodes S4R shell elements [16,37—39]. It has four nodes, six degrees of
freedom (three rotations and three translations) per node and reduced
integration, a factor that reduces processing time. The boundary conditions
of the full models were applied according to Ferreira et al. [16]. According to
the authors, simply supported beams with lateral restraint at the supports
are considered. At the bottom of the stiffener in one end, vertical and
longitudinal displacements are restrained (Uy=Uz=0). At the bottom of the
stiffener in the other end, only the vertical displacement is restrained (Uy=0).

At both ends, in the region of the stiffeners, lateral displacement and the



112

113

114

115

116

117

rotation around the longitudinal axis are restrained at four points

(Ux=URz=0) [16].

The validation results are presented considering load-displacement

relationship (Fig. 3), as well as the final configuration (Fig. 4). According to

the illustrations, it can be verified that the numerical model of the full models

are validated.
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118 Fig. 3: Comparison between tests and finite element models by load-
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Fig. 4: Comparison between tests [8] and finite element models [16] by final

configuration

3.2.  Web-post models

Also, the web-post of a perforated steel beam i1s modelled, considering
S4R shell elements. After several trials and comparisons with the tests
results, the boundary conditions shown in Fig. § were employed, resulting in
adequate predictions. Shear loads were applied along the webs on the tee
sections.

Ux=URy=URz=0

Ux=Uy=Uz=0
Ux=URx=URy=0
Shear load

Ux=URx=URy=0
Shear load

Ux=URy=URz=0

Fig. 5: Boundary conditions
The numerical model results, in comparison with the tests, are
presented in Fig. 6. The maximum relative error was 9.4%. The standard
deviation and variance were 6.93% and 0.48%, respectively. In this context,
it is possible to state that the web-post finite element models were adequately
validated. As the main concern of this paper is to investigate the web-post

buckling resistance, a single web-post model 1s used.
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Fig. 6: Validation results of web-post models

4, Parametric study

The parametric study presented herein is based on the finite element
validation study described in the previous section. The frequency in function
of the investigated key parameters is illustrated in Fig. 7, in particular the
flange width (Fig. 7a), the flange thickness (Fig. 7b), the distance between
flanges geometric centres after castellation process (Fig. 7c), the web
thickness (Fig. 7d), the opening height (Fig. 7e), the opening width (Fig. 7f),
the opening radius (Fig. 7g) and high-strength steel grades (Fig. 7h). In total
13,500 finite element models are processed, taking into account the key

parameters as illustrated in Fig. 1.
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Fig. 7: Frequency based on parameters investigated
The models in the present parametric study include an eigenvalue
buckling analysis followed by a geometrically nonlinear analysis with
imperfections sympathetic with the first buckling mode and an imperfection
size of dJ/500. The geometric nonlinear analysis including imperfections
determines the web-post buckling mode and attains the capacity of the model.
A Python script is developed to conduct the parametric study and post-process

the results and it is available at https://github.com/luisantos090/WPB.

The script creates a FE model according to the parameters in Fig. 1 and
the boundary conditions shown in Fig. 5. The mesh size discretises the web
with 200 elements over the height and the flanges with 20 elements over the
width. For the largest sections presented in this study, the mesh sizes are 6.7
and 14.6 mm for web and flanges, respectively. The web mesh size follows the
recommendation of using 10 mm or less based on mesh sensitivity studies
referenced previously in the validation study. The script post-processes the

models by storing both the buckling load and the failure mode which are then
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used to develop and test the proposed new factor for web-post buckling of

high-strength steels.

5. Results and discussion

Some examples of the finite element results that are normalised to the
EC3 buckling curves and presented by Ferreira et al. [16] (Eqgs. 11-14) are
presented in Figs. 8-11, considering the variation of the key geometric
parameters, as well the yield strength, in which V., sz and V,, rrare the global
shear predicted by buckling and post-buckling analyses, respectively. From
13,500 finite element models processed, 10,764 models had the resistance
defined by web-post buckling. As the influence of geometric parameters on
capacity has already been discussed in Ferreira et al. [16] considering S355
steel grade, in this section only the analyses referring to high-strength steels
are examined. In this way, the influence of yield strength on web-post
buckling resistance of perforated steel beams with elliptically-based web

openings is discussed briefly considering the key geometric parameters.

Ver re
fCT‘,W,FE = t(;‘r——W) (1 1)
w
/10,FE = fy (12)
f cr w,FE
Vu,FE
OuFE = 0 G —w) (13)
Ou,FE

XFE = T (14)
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5.1  Yield strength

From the analyses carried out, it was possible to observe the influence
of the yield strength on the web-post buckling resistance. Fig. 12 illustrates
this behaviour, considering 1,200 data points, as an example. It is notable
that the greater the yield strength, the greater the web-post buckling
resistance. In this context, a comparative analysis can be made through the
ratios Vseod Vsuseo, Vsoed Vsaso, and Vsesd Vssso considering the capacity of all
finite element models. The S690 steel grade in relation to the S460 showed a
minimum and maximum gain in capacity of 11% and 49%, respectively, with
the average value of the Vssad Visuso equal to 1.33. Regarding S960 steel grade
compared to the S460, showed 24% and 99%, respectively, of a minimum and
maximum gain in capacity. The average value of the Vsgsd Vissso 1s equal to
1.61. Finally, by comparing the S960 and S690 steel grades, a minimum and
maximum gain in capacity of 1% and 57%, respectively, was observed. The

average value of the Vsosd Vsson1s equal to 1.21.

800
« 5460
- 5690
600 | . 5960

0 200 400 600 800 1000 1200
N

Fig. 12: Capacity of the web-post made of high-strength steels
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5.2  H/dratio

Fig. 13 provides the relationship between global shear capacity and H/d
ratio for three classes of high-strength steel (8460, S690 and S960). The H/d
ratio was increased from 1.2 to 1.6 in increments of 0.1. Fig. 13a, Fig. 13b,
Fig. 13c and Fig. 13d show the impact of bs ¢r and t», as parameters increase,
there 1s an increase 1n resistance. Furthermore, 1t shows that as the
expansion factor increases, so does the global shear capacity for all strength
classes examined. When increasing the H/d ratio and keeping the other
geometric parameters constant, there was an increase in global shear

resistance. This can be explained by the increase in the steel area.
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Fig. 13: Influence of H/dratio on capacity (dimensions in mm)
Fig. 8 provided the EC3 buckling curves, and shows how the increase
in the expansion ratio results in samples exceeding the resistance limit

values. The impact of increasing the ratio of opening height over the distance
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between flanges geometric centres after the castellation process (d,/H), the
ratio of opening radius over opening height (%/d,) and the ratio of opening
width over opening height (w/d,)can be seen in Fig. 13c. The trend showed a
slight decrease in global shear capacity as the expansion factor increased from
1.2 to 1.4, thereafter, an increase in global shear capacity from 1.4 to 1.6. It
can be assumed an increase in d, and A will increase d,/H and FR/d,
respectively, therefore, decreasing the height of the tee section and decreasing

the resistance to global shear capacity.

5.3 d,/Hratio

Fig. 14 provides the relationship between global shear capacity and the
ratio of opening height over the distance between flanges geometric centres
after the castellation process (d,/H)for the three classes of high-strength steel
(8460, S690 and S960). Results clearly show that an increase in d/H will
reduce the global shear capacity. This is due to the reduction in height of the
tee section as stated in section 5.2. Furthermore, when reviewing Fig. 9,
which provides d,/H ratio vs. buckling curves of EC3, it can be seen that as
dy/H increases there is a decrease in capacity resistance. It also showed
similar trends noted by Ferreira et al. [16], in which tee sections experienced
instability phenomena before reaching the yield strength for d,/H ratios of

0.75 and 0.85 and 4, < 1.0.
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Fig. 14: Influence of d/H ration on capacity (dimensions in mm)
5.4  Rsd,ratio
The relationship between the global shear capacity and the ratio of

opening radius over opening height (R/d,)can be seen in Fig. 15, for the three
classes of high-strength steel (8460, S690 and S960). R/d, increased from 0.1
to 0.3 in increments of 0.5. Fig. 15a and Fig. 15b show that as the ratio
increases to 0.15, there is a slight increase in the global shear, thereafter, as
the ratio increases the capacity decreases. A similar trend can be noted in Fig.
15b. Fig. 15¢ shows that there is a negative relationship followed by a positive
correlation. This shows that the beams are potentially sensitive to an increase

n d,/H.
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Fig. 15: Influence of R/d, ration on capacity (dimensions in mm)

As expected, as the opening radius increases so does R/d,, resulting in
a decreased resistance. However, from Fig. 10 which provided R/d, vs
buckling curves for EC3, it is observed that the global shear is sensitive to
R/d,. As R/d,is increased from 0.1 to 0.3, the resistance moves from exceeding
the limit value to falling below or close to buckling curves d and ¢,
respectively. Furthermore, it can be concluded that tee sections experienced
instability phenomena before reaching the yield strength for £/d, ratios of 0.1,

0.2 and 0.3 at 4, < 1.0, 1,<1.75 and 1,<2.0, respectively.

5.5  w/d,ratio
Fig. 16 provides the relationship between global shear capacity and the
ratio of opening width over opening height (w/d,) for three classes of high-

strength steel (8460, S690 and S960). Results show that an increase in w/ d,
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increases the global shear. This is further verified by Fig. 11, which shows

that as w/d,increases, the resistance moves closer to exceeding the limits of

the buckling curves of EC3.

250
200
150
100
50
0

Global shear (kN)

(a) bf=101.2; tf=7.9 tw=4.8

2,000

P
[S)
o
o

1,000

500

Global shear (kN)

0

()  bh=E211.9; £221.3; t,=12.7

Fig. 16: Influence of w/d, ration on capacity (dimensions in mm)
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6. Comparison with design equations for normal strength steel

In this section, the results of the finite element models are compared

with the equation previously proposed by Ferreira et al. [16], considering

normal strength steels (Eqgs. 1-10), as shown in Fig. 17. In Appendix A an

example of verification is shown. On analysis of the Vgg/ Vzr ratio as a

comparison parameter, values of 0.88, 6.99% and 0.49% were verified for the

S460 class, considering the average, standard deviation and variance,

respectively. The maximum relative error was 33.71%, while the minimum

relative error was -19.05%. In relation to the S690 class, the statistical values
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298 presented for the average, standard deviation and variance were,
299 respectively, equal to 0.78, 8.52% and 0.73%. In this context, the maximum
300 and minimum relative errors were equal to 46.1% and -13.34%. Finally, in
301 relation to the S960 class, the average, standard deviation and variance
302 values were equal to 0.70, 9.31% and 0.87%, respectively, and the maximum
303 and minimum relative errors were equal to 55.29% and -7.34%. Table 1 shows

304 the statistical values, considering the general analysis.

6000

5000 $10% < o <

O
y = 0.7545x + 24.25
R2=0.956

0 1000 2000 3000 4000 5000 6000
Vrk (kN)

305

306 Fig. 17: FEM vs. Design equation for common strength steels

307 Table 1: Statistical analysis for design equation for normal strength steels

Analysis Value
R? (Regression) 0.9560
RMSE (Root Mean Square Error) (kN) 99.5767
MAE (Mean Absolute Error) (kN) 73.2603
Minimum relative error -16.00
Maximum relative error 123.70
Average (FEM/Predicted) 0.791
S.D. 11.20%
Var. 1.25%
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7. Design recommendation

The calculation procedure proposed previously by Ferreira et al. [16]
considered normal strength of steels. In this context, to adapt the high-
strength steel models in the calculation of the web-post buckling resistance
(Eqs. 1-10), a Kuss factor is proposed, according to Eqs (13-14). Fig. 18 and
Table 2 show the statistical analysis with the application of the new factor.
With this, it is possible to affirm that the new proposal presented is applicable
for HSS. In the next section, a reliability analysis is applied according to
Annex D EN 1990 [40]. It is worth to note that the coefficients of the Eq. (14)
are obtained from the statistical analysis, hence, the proposed equation is

limited to the geometric parameters illustrated in Table 3.

Ork = Kussxfy 13)

Kyco = 145+1606(H)+0333( > ) 0905<S>+0213<W>
HSS_ . . do . S_W . do . do

(14)
d,
—0.004 (—) +0.4891,
tw

6000
< +20% 7
5000 +10% - \ -
> 4000
X
y 3000
LL
> 2000 ‘
y = 0.9551x + 19.101
1000 R2=0.9817

0 1000 2000 3000 4000 5000 6000
Vrk (kN)

Fig. 18: FEM vs. Design equation for high-strength steel
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Table 2: Statistical analysis for design equation for high-strength steel

Analysis Value
R? (Regression) 0.9817
RMSE (Root Mean Square Error) (kN) 58.8588
MAE (Mean Absolute Error) (kN) 35.7895
Minimum relative error -22.61
Maximum relative error 61.05
Average (FEM/Predicted) 0.986
S.D. 8.32%
Var. 0.69%

Table 3: Parameters limitation (in mm and MPa)

Parameter Minimum Maximum
Flange width (b 101.2 320.2
Flange thickness (#) 7.0 37.6
Distance between flanges geometric centres (/) 213.4 1335.8
Web thickness (#4) 4.8 21.1
Opening height (d,) 138.7 1202.3
Opening width (w) 34.7 781.5
Opening radius (&) 13.9 360.7
Yield strength (£) 460 960

8. A statistical evaluation based on Annex D EN 1990

In this section, a statistical analysis based on Annex D EN 1990 (2002)
[40] has been conducted to assess the reliability of the proposed formulation
and propose a partial safety factor for web-post buckling resistance. The
statistical evaluation of the proposed prediction model is done herein based
on the generated numerical results.

Table 4 illustrates the key statistical parameters, including the
number of data, n, the design fractile factor (ultimate limit state), kg, the
average ratio of numerical to resistance model predictions based on the least
squares fit to the data, b, the combined coefficient of variation incorporating

both resistance model and basic variable uncertainties, V., and the partial
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safety factor for WPB resistance y,,,. The COV of geometric properties and
the high-strength steel material properties were assumed equal to 0.02 and
0.0055 [35]. The material over-strength of high-strength steel was taken
equal to 1.135 [35]. The COV between the experimental and the numerical
results, which was equal to 0.0133, was also considered. Performing First
Order Reliability Method (FORM) in accordance with the Eurocode target
reliability requirements, the partial factors y,,, were evaluated. For S460,
S690 and S960 the partial factors y,,, were 1.03, 1.05 and 1.09, respectively.
Furthermore, considering all HSS grades used in this study, the partial factor
was 1.07.

Table 4: Summary of the reliability analysis for the proposed formulation

Grade n b kan V: YMO
S460 3588 1.013 3.04 0.102 1.03
S690 3588 0.994 3.04 0.102 1.05
S960 3588 0.961 3.04 0.103 1.09
All 10764  0.98 3.04 0.104 1.07

Concluding remarks

This paper is the first study of high-strength steel perforated steel
beams with elliptically-based web openings. In particular, the web-post
buckling is studied, and a resistance equation based on the truss model
according to EUROCODE 3 is presented. A comprehensive parametric study
of 13,500 FE models is carried out, considering the key geometric parameters
that influence the web-post buckling resistance. A reliability analysis is also
presented based on Annex D EN 1990 (2002). The following concluding

remarks are summarised as:
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1. The yield strength influenced the web-post buckling resistance. It was
found that the greater the yield strength, the greater the web-post
buckling resistance.

2. As the expansion factor (H/d ratio) increases, the global shear capacity
for all three strength classes increases because of the increased in the
steel area and therefore an increase in global shear resistance.

3. Decreasing the height of the tee section, so does the resistance to global
shear capacity.

4. Asthe web opening radius increases, the R/d, also increases, resulting
in a decreased resistance. However, the global shear is sensitive to
R/d,.

5. The increase in w/ d, increases the global shear. As w/d,increases, the

resistance moves closer to exceeding the limits of the buckling curves

of EC3.

Appendix A: Application example

Check the web-post buckling resistance of perforated high-strength
steel beams with elliptically-based web openings made of S460 and UB
457x152x52 section, considering the formulation for common and high-
strength steel. Table A.1 presents the geometric characteristics of the section

after the castellation process.



383 Table A.1: geometric characteristics

br(mm): 152.40 tw (mm): 7.60 R (mm): 105.25
tr(mm): 10.90 d, (mm): 526.27 s (mm): 499,95
H(mm): 584.74 w (mm): 289.45

384

385 For common steel:

386 - Web-post effective length and slenderness factor (Eqs 1-3):

k = 0516 0288<H)+0062( > )+2384<S) 2906<W)
387 = U. . do . s —w . do . do

k= 0516 — 0.288 (584.74) 0.062 ( 499,95 > + 2384 (499,95)
s = —
w ' ' 526.27 ' 499,95 — 289.45 ' 526.27

289.45)

389 — 2.906 (526.27

390 — k =1.01

391 Thus:

d, — 2R\’ 2
392 leff=kj(02 )+(%—R)

526.27 — 2 X 105.25\> /499,95 2
393 = lpr =101 ( > +( > —105.25)

2

394 - lpp = 216.26 mm

395 Finally:

396 Ay, = lef};:v/ﬁ = 2167'.266(;/ﬁ98.57

397

398 - ECS3 reduction factor (Eqs 4-7):

399 Critical shear stress in the web-post:

3 n’E B 2 %X 200000 20315 MP
400 forw = /’lwz = 98572 = . a
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The reduced slenderness factor:

f fy 460
7 forw +203.15 >0

Imperfection factor:

¢ = 0.5[1+ 0.49(4y — 0.2) + A,°] = 0.5[1 + 0.49(1.50 — 0.2) + 1.50?] = 1.95

Finally, the reduction factor

= = = ! =0.31
X b+ /¢2 2.2 1.95 + v1.952 — 1.50?
— Ao

Web-post buckling resistance (Eqs 8-10):

H s s w d,
K = —1.318 + 1.790 (—) +0.413(——) - 1.926 (—) +0.937 (—) —0.02 (—)
d, S—w d, d, tw

+1.4122,

K 1318 + 1.790 (584.74) 0413 ( 499,95 > 1926 (499,95)
526.27 499,95 — 289.45 526.27

+0.937 (289'45) 0.02 (526'27> +1.412 x 1.50
' 526.27 ' 7.6 ' '

- K =1.08
Thus, the ultimate stress can be calculated:
ork = Kxf, = 1.08 x 0.31 x 460 = 155.1 MPa
Finally, the web-post buckling resistance is predicted:
Vak = Ority (s —w) = 155.1 x 7.6(499,95 — 289.45) = 248.13 kN
For high-strength steel:
The procedure is similar to that used in common steel, considering Eqs.
(1-7) shown previously.

-Web-post buckling resistance (Eqs 13-14):
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s w
Kyss = —1.45 + 1.606( + 0. 333 ) 0.905 (d_) + 0.213 (d_>
o o

—0.004 (—") + 0.4891,
W

74) 0.333 ( 499,95 > 0.905 (499,95)
+0. 499,95 — 289.45 ' 526.27

+0.213 (289 45) 0.004 (526 -
526.27 '

i KHSS = 084

584.
- Kyss = —145+1606<52627

7
) + 0.489 x 1.50

Thus, the ultimate stress can be calculated:
O-Rk = KHSSXfy = 084 X 031 X 4‘60 == 11978 MPa

Finally, the web-post buckling resistance is predicted:

Vir = Oty (s —w) = 119.78 X 7.6(499,95 — 289.45) = 193.85 kN

Table A.2 shows the comparison between the equations with the
prediction of the finite element method.

Table A.2: Comparative analysis

Common steel method High-strength steel Finite element
method method
248.13 kN 193.85 kN 205.81 kN
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