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Abstract

The material properties of aluminium alloys could be affected significantly as temperature rises.
The present study aims to investigate the behaviour of aluminium alloy beams at elevated
temperatures using finite element analyses. The newly developed numerical model was validated
against a total of eight square hollow section beams subjected to three-point bending tests at
elevated temperatures. The validated model was used to generate 120 numerical results in the
parametric study. Three key parameters were considered, including cross-section slenderness
ranging from 8 to 38, temperatures ranging from 24°C to 600°C and two aluminium alloys (6061-
T6 and 6063-T5). Thus, a data pool containing a total of 128 experimental and numerical results
was formed. The appropriateness of the design rules in the American Aluminium Design Manual,
the Australian/New Zealand Standard, Eurocode 9 and the continuous strength method (CSM) for
aluminium alloy beams at elevated temperature are assessed against the newly generated data
pool. In comparison, the design strengths predicted by the four design methods are generally
conservative, whereas the CSM approach is found to be the most accurate and consistent
throughout the full temperature range. Additionally, reliability analysis has also been conducted to
evaluate the reliability level of the aforementioned design methods for aluminium alloy beams at

elevated temperatures.
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1. Introduction

Aluminium alloys are used in construction industry widely for its high strength-to-weight ratio,



ease of fabrication, good plasticity and corrosion-resistant. Aluminium alloy members are
manufactured by extrusion and pultrusion, which enables the production of more complex shapes.
This can be particularly beneficial for enhancing resistance to local buckling through, for example,
the addition of internal stiffeners. A number of studies [1-5] have investigated the flexural
behaviour and proposed the design methods of aluminium alloy thin-walled members with
stiffeners. An urgent concern in the structural design of aluminium alloy members is the safety at
high temperatures or fire conditions, since the material properties of aluminium alloys highly
depend on temperature and vital properties degradation occurs at elevated temperatures. The

response of aluminium alloy becomes increasingly nonlinear at elevated temperatures.

A great number of experimental and numerical investigations on aluminium alloy beams at
ambient temperatures have been carried out, including Lai and Nethercot [6], Moen et al. [7,8],
Zhu and Young [9], and Su et al. [10]. As for the aluminium alloy structural members at elevated
temperature, the majority studies are focused on columns [11-13]. Studies on aluminium alloy
beams at high temperatures are limited. Meulen [14] performed the steady state and transient state
experiments on 6060-T66 aluminium alloy beams of square hollow sections. Steady state tests
were carried out between the range of 250°Cto 300°C; transient state tests were conducted at a rate
of either 2.5°Gmin or 10°Gmin. From steady state test results, it was found that the cross-sectional
classification limits in Eurocode 9 (EC9) [15, 16] are applicable for specimens at temperatures
smaller than 250°C, while EC9 also agrees well with transient state test results if specimens were
heated less than 120 mins. Suzuki et al. [17] performed experiments on aluminium alloy (5083-
H112) H-section beams to investigate the flexural performance at fire and critical temperature.
The critical temperatures predicted by EC9 [15, 16] were found to be conservative. Zheng and
Zhang [18] developed numerical models for aluminium alloy I-section beams and validated
against experimental results on aluminium alloy 5083-H112 conducted by Suzuki et al. [17] and

aluminium alloy 6060-T66 by Maljaars et al. [12].

The development and application of aluminium alloys have been supported by existing
international design rules, such as the American Aluminum Design Manual (ADM) [19], the

Australian/New Zealand Standard (AS/NZS) [20] and Eurocode 9 (EC9) [15]. The thermal



properties including thermal expansion and reduction factors are included in Appendix 4, Part | of
ADM [19] and Part 1-2 of EC9 [16]. Substituting the reduced material properties into design
equations in ADM, AS/NZS, EC9 and CSM, the strengths of aluminium alloy structural members
at elevated temperatures could be obtained. Gardner [21], Gardner and Ashraf [22] and Su et al.
[23] proposed a deformation - based design approach, the continuous strength method (CSM) for
aluminium alloy members. The result comparison revealed that the CSM can increase the
accuracy and consistency of the prediction by adopting the new base curve showing the
continuous relationship between cross-section deformation capacity and slenderness. The
appropriateness of the CSM approach for aluminium alloy members at elevated temperatures can

also be assessed by adopting the material properties at corresponding temperatures.

The present paper aims to investigate the flexural behaviour and design of aluminium alloy beams
at elevated temperatures. The aluminium alloy beam tests [14] and tensile coupon tests [24]
conducted at elevated temperatures were collected from literature. A numerical model of
aluminium alloy beams on square hollow sections was developed using ABAQUS programme [25]
and validated against experimental results [14]. The validated finite element (FE) model was used
to conduct parametric study based on the tensile coupon test results of normal and high strength
aluminium alloys [24]. A total of additional 120 numerical results of aluminium alloy beams at
elevated temperatures were generated from parametric study. Both the collected experimental
results and newly generated numerical data were utilised to assess the existing design equations in
the ADM, the AS/NZS, EC9 and the CSM. Reliability analysis was also performed to assess the

reliability and safety of existing design rules.

2. Data collection
The data at elevated temperatures collected and used in this paper are three-point bending tests

performed by Meulen [14] and tensile coupon tests conducted by Su and Young [24].

2.1 Three-point bending test results
A total of eight three-point bending tests on aluminium alloy beams at high temperature were

conducted by Meulen [14]. The beams were extruded by aluminium alloys 6060-T66. The cross-



sections of the beams were square hollow sections with nominal outer dimension of 100 mm and
nominal thickness of 3 mm, 4 mm or 5 mm. Two lengths of 1000 mm and 2000 mm were
considered. Table 1 summarized the cross-section diameters, material properties obtained at
corresponding temperatures and the loading capacities. The symbols presented in Table 1 are
defined as follow: B and H are the outer dimension, # is the thickness, L is the beam length, D is
the length of the supporting insulation at middle of span, E is the Young’s modulus, f; is the yield
stress, which is taken as 0.2% proof stress, f;, is the ultimate stress, 7 is the temperature at which
the test was conducted and P.,, is the experimental ultimate force, which is taken as the maximum
force that the specimen can endure. The experiments were conducted by steady state method at
25001 and 3000]. Details of the test setup can be referred to Ref. [14]. The results summarized in
Table 1 are used to validate the newly developed finite element model in this study as detailed in

Section 3.1 of this paper.

2.2 Tensile coupon test results

Su and Young [24] reported material properties of normal strength aluminium alloy 6063-T5 and
high strength aluminium alloy 6061-T6 at elevated temperatures ranging from 24 to 600°C. Both
static state tests and transient state tests were performed by Su and Young [24], but only results
from steady state tests are collected and used herein. In steady state tests, specimens were loaded
to failure at a constant temperature, while in the transient state tests, specimens were heated up to
failure at a specified load level. In steady state tests, the specimens were heated up under 10
various nominal temperatures ranging from 24°C to 600°C with intervals of 50°C or 100°C. The
upper end of specimen was fixed while the lower end was free for expansion during the process of
heating until it reaches to the required temperature. After the required temperature was stabilized
for ten minutes, the lower end of specimen was gripped. The load to the specimens was given
through displacement with a constant loading rate of 0.3 mm/min until failure. Key material
properties at elevated temperatures reported by Su and Young [24] are summarized in Table 2 and

used to conduct the parametric study as detailed in Section 3.2 of this paper.

3. Numerical study

Finite element (FE) model for three-point bending beams was developed using ABAQUS



programme [25]. The model was validated against the experimental results [14]. Upon validation,
the FE model was employed for parametric study using material properties reported by Su and

Young [24].

3.1. Model validation

The full length and full cross-section of the beam specimens were built in the FE model. The
model was built based on centreline dimensions of cross-sections. The reduced integration 4-node
general-purpose shell (S4R) element that has six degrees of freedom per node was used in
numerical studies. The S4R element with a uniform mesh size of 10 mm % 10 mm for all
numerical specimens and solid plates provide accurate solutions with reasonable computational
time. A 10 mm thick solid plate that rotated in-plane freely was used to simulate the bearing plate,
since the rotation of the steel bearing plate in the tests was not fixed and it might have in-plane
rotation due to the beam deformation. In modelling, the contact employed between the bottom
surfaces of solid plate (master surface) and the top surfaces of beam (slave surface) is hard contact
in the normal direction and friction penalty contact (with the friction coefficient = 0.15) in the
tangential direction. The interface between the steel bearing plate and the aluminium alloy beam
was mainly subjected to friction in tests, since the plate was not tied or fixed to the beam. This
friction coefficient depends on the materials not the loading level. Penetration of the two contact
surfaces was avoided. Modelling of boundary conditions was applied in accordance with the
experimental conditions. Reasonable degrees of freedom at the mid-span and at the bottom flange
of the beams were restrained to simulate boundary conditions. The beams were restrained
longitudinally at the mid-span only. It is found in literature that Riks programme in ABAQUS can
capture post-ultimate path of loading specimens [25]. In this study, the Riks programme was used
to apply loads on specimens by displacement-control [25], which is identical to the experimental
condition. The type and size of meshes and boundary conditions have been found to provide

accurate solutions for aluminium alloy beams at room temperature [10].

The material properties used in the modelling includes elastic part (linear) and strain hardening
part (nonlinear). Linear region is determined by the Young’s modulus, the yield stress and the

Poisson’s ratio. The nonlinear part is determined by plastic behaviour through approximately 20



sets of corresponding true stress gy, and plastic strain efrlue. The true stress and plastic true
strain can be calculated according to Egs (1) and (2) based on engineering stress o and
engineering strain &, respectively. Residual stresses in the test specimens were not measured and

not explicitly modelled in the FE analysis due to the reasons explained in Su et al. [26].

Otrye = 0(1 +¢€) @
efrlue =In(1+¢) — 0prye/E (2)

The newly developed FE model was validated by comparing the ultimate loads, the load-
deformation capacities and the failure modes with the tested specimens. The comparison of typical
failure modes from experiments and numerical simulation is shown in Fig. 1. The ultimate forces
obtained from the numerical analyses (Pgem) and experiments (Peyp) [14] were compared in Table
3. The numerical results agree well with experimental results, which is approximately 5% over-
prediction with a small scatter (CoV=0.053). Comparisons for full load-displacement curves of the
two specimens from experiment [14] and finite element predictions are depicted in Fig. 2. In
general, the comparison proves that the newly developed finite element model was able to predict
the structural response of the three-point bending beams at elevated temperatures accurately.
However, some difference of the load paths between FE model predictions and test results could
also be observed, which is believed to be caused by the following two reasons. First, the material
properties incorporated in the FE model was obtained from tensile coupon tests at elevated
temperature. However, the temperature of beam specimens at elevated temperatures in the actual
tests might not be uniform. In addition, the steel bearing plate might have movement or rotation
against the beam, since it was just placed on the surface of the beam without mechanical

anchorage. It might be the reason for the inconstant stiffness of the numerical curve.

3.2. Parametric study

The validated numerical model was employed for the parametric study to assess the influences of
key parameters (cross-section slenderness, temperature and material strength) on the behaviour of
aluminium alloy beams. Both normal strength aluminium alloy 6063-T5 and high strength
aluminium alloy 6061-T6 were considered in the parametric study. The material properties at

elevated temperatures were obtained from tensile coupon tests conducted by Su and Young [24]. A



total of 120 specimens of square hollow section with the cross-sectional dimension of 100 mm X
100 mm and length of 2000 mm were generated. The numerical models covered a wide range of
the b/t ratios of cross-sections (from 8 to 38). Numerical analyses were performed at ten elevated

temperatures ranging from 24°C to 600°C with intervals of 50°C or 100°C.

The numerical specimens designed in the parametric study are labelled in accordance to the
material strength, cross-sectional dimensions and temperature. For example, the label
“H100%100x5-T300” has the following definitions:

* The first letter means the type of material. In this label, the specimen is of high strength
aluminium alloy 6061-T6. If a label starts with the letter “N”, it indicates the specimen is of
normal strength aluminium alloy 6063-TS5.

* The second part of label shows the cross-sectional dimensions as width x height x thickness
(mm in unit).

* The last part of the label “T300” indicates the temperature at which the test/simulation was

conducted.

The ultimate bending moments at elevated temperatures from the parametric studies Mgy, are
presented in Fig.3(a) and (b) for aluminium alloy 6061-T6 and aluminium alloy 6063-T5,
respectively. It can be seen from the Fig.3 that significant decrease of flexural capacities can be
observed from 300°C to 600°C for aluminium alloy 6061-T6 beams, while for aluminium alloy

6063-T5 beams, the reduction in flexural resistance is generally consistent from 100°C to 600°C.

4. Design methods and result comparisons

This section compares the ultimate bending capacities obtained from experimental (M.,,) and
finite element modelling (Mpgy,) with design rule predictions. The design strengths are predicted
by existing rules of the Aluminum Design Manual [19] (Mypy), the Australian/New Zealand
Standard [20] (Mysnzs), Eurocode 9 [15] (Mgcy) and the continuous strength method [23] (M,y,)
using the reduced material properties at elevated temperatures. All partial safety factors were set

equal to unity in the calculation.



4.1 Aluminum Design Manual

The design rules of Aluminum Design Manual (ADM) [19] for aluminium alloy simply supported
beams are in Clause F.3.1, in which weighted average method is used. The design moment
capacity determined by weighted average method is the sum of elastic section modulus of flange
and web multiplied by their local buckling stress of flange and web, respectively. The material
properties used for calculation are taken as measured room temperature properties multiplied by
reduction factors codified in ADM for M,p).; and measured material properties at elevated

temperatures for M pyy..

4.2 Australian/New Zealand Standard

The design rules in the Australian/New Zealand Standard (AS/NZS) [20] are similar to that in the
ADM [19]. Clause 4.7.2 in the AS/NZS [20] claims that the limit state compressive stress for the
beam section takes the weighted average of the limit state stress of compression flange and webs.
The vital difference between ADM and AS/NZS is the approach to determine the cross-sectional
design stress, where area is adopted in the AS/NZS while modulus of the cross-section is opted in

ADM. The material properties used for calculation are measured at elevated temperatures.

4.3 Eurocode 9

In terms of Eurocode 9 (EC9) [15], design rules for bending moment capacity are in Clause 6.2.5.
The first step of calculation is to classify the cross-section, which is described in Clause 6.1.4.4.
Then, moment capacity of cross-section for each class can be determined. For Classes 1 and 2
sections, moment capacity is defined as yield stress f, multiplied by the plastic section modulus
W, For Class 3 sections, it is determined by using yield stress f, multiplied by elastic section
modulus W,;. With regards to Class 4 sections, moment capacity is determined as elastic section
modulus of an effective section W, multiplied by yield stress f,. The material properties used are
measured room temperature properties multiplied by reduction factors codified in EC9 for Mg,

and measured material properties at elevated temperatures for Mgcg.,.

4.4 Continuous strength method

The continuous strength method (CSM) [23] is a deformation-based design approach. In terms of



CSM of aluminium alloys, base curve and bi-linear material model are two significant features.
The base curve defines the limiting level of strain &, that the cross-section can withstand before

it fails. In the CSM, the continuous relationship between cross-sectional deformation capacity and
slenderness is presented by the base curve [23]. The cross-sectional slenderness /1p is defined in a
dimensionless form as the square root of the ratio of the yield stress to the cross-sectional elastic

buckling stress. The elastic buckling stress o, can be calculated by simplified equations [27] or

numerical programs such as CUFSM [28]. Theofanous et al. [29] extended the CSM for steel
cross-section design at elevated temperatures by considering the temperature effects on the base
curve and material stress-strain model. In accordance with the CSM for steel cross-sections at
elevated temperature [29], the CSM (M,,) for aluminium alloys at room temperature [23] is
extended herein to the structural fire design of aluminium alloy beams by adopting the material

properties measured at elevated temperatures.

4.5 Comparison of results

A total of 128 numerical and experimental results are utilised for comparison. The results are
summarised in Tables 4 - 7, as well as Figs. 4 - 5. In general, the design strengths determined by
the six design methods considered in this study are conservative. The predictions of ADM and
EC9 using the codified material properties are significantly conservative and hugely scatter, which
are due to the inaccurate prediction of material properties. When substituting the measured
material properties into the design rules of ADM and EC9, the predictions display improved
accuracy and consistency of predictions: the mean values of Mpggy/M prs-2, Mpey/MEco-2 Tatios are
1.16 and 1.20 with the corresponding CoVs of 0.158 and 0.139. The determination of accurate
temperature dependant material parameters is shown to be crucial for the successful application of
design methods. The AS/NZS design rules using the measured material properties appears to be
rather conservative, which has the mean value of Mgg/M,snzs of 1.34 and with a coefficient of
variation (CoV) being 0.250. In comparison with other design methods, the CSM approach yields
the most accurate prediction with the least scatter (mean value = 1.16 and the CoV = 0.121)
although it is slightly conservative. Therefore, at the elevated temperature condition, the CSM

approach is also found to appropriate for the aluminium alloy flexural design. Its advantages



compared to other existing design rules have been demonstrated not only for the aluminium alloy

structural design at room temperature [23], but also at high temperatures in this study.

The influence of slenderness ratio b/t and temperature on the behaviour of aluminium alloy beams
subjected at high temperatures are investigated herein. For effect of slenderness, the results show
that the trends of numerical-to-predicted moment capacity ratios are similar at different
temperature conditions (see Fig. 4). The trend of predicted results indicate that the design methods
are more accurate when predicting the flexural strength of slender sections (b/¢ > 20). The degree
of conservatism of design predictions increases with the decreasing slenderness (i.e. stockier
sections), whilst the conservatism is less pronounced in the CSM predictions. Similar results were
also reported by Theofanous et al. [29] for steel members. The reason might be attributed to the
neglect of strain hardening characteristics of aluminium alloys by existing design methods, which
has more pronounced effects on the stocky sections. It can be seen that in all cases, the CSM
approach generally provides the most accurate results for non-slender sections. In terms of effect
of temperature on prediction, Fig. 5 shows that there is no significant difference at different
temperatures for the same cross-section slenderness. The CSM generally offers improved accuracy
compared to other design methods for all temperature range owing to the consideration of

interaction between adjacent elements in a cross-section [23].

5. Reliability analyses

In this study, reliability index § is employed to evaluate the reliability level of design rules. The
target reliability index 8, of 2.50 for beam is specified in the ADM [19], which means that if the
calculated f is greater than or equal to 2.50, the design rule can be deemed as reliable and safe.
The load combinations between Dead Loads (DL) and Live Loads (LL) are used for analysis. A
load combination of 1.2DL + 1.6LL is adopted for the ADM [19] and CSM [23], 1.25DL +
1.50LL for the AS/NZS [20] and 1.35DL + 1.50LL for EC9 [15]. Resistance factor ¢ is taken as
0.90 for ADM and CSM, 0.85 for AS/NZS and 0.91 for EC9. The input parameters used in the
calculation are codified in the Clause 1.3.2 of Appendix 1, Part I of ADM [19]. The material over-
strength factor M,, equals to 1.10 if the member behaviour is governed by f, while M,, equals to

1.00 if the behaviour is governed by f,. The calculation method of M,, for different design methods



are explained in detail by Su et al. [23]. In addition, the values of other parameters are as follow:
F,,=1.00, V)= 0.06, Vr=0.05, and Vo = 0.21. Table 7 presented the calculated reliability index
p for the six design methods. It is found that all calculated reliability indexes of design rules using
measured material properties are greater than the target reliability index of 2.50, which indicates
that the four design rules are reliable in terms of flexural design for aluminium alloy beams at

elevated temperatures.

6. Conclusions

A numerical model was developed and validated against the test results of simply supported
beams [14]. Upon validation, the finite element model was used to generate a total of additional
120 numerical results based on the material properties of aluminium alloys at elevated
temperatures [24]. The numerical specimens covered a wide range of cross-section width-to-
thickness ratio from 8 to 38 and ten different temperatures from 24[) to 6000]. A total of 128
numerical and experimental results were utilised for comparisons of the experimental and
numerical results with the design strengths of the ADM, the AS/NZS, EC9 and the CSM. In
general, the design strengths predicted by these design methods were conservative. Among the
four design methods, the AS/NZS was found to be the most conservative while the accuracy and
consistency of the CSM was verified. The calculated reliability indices show that all design
guidelines using the measured material properties are reliable for the prediction of flexural

capacities of aluminium alloy beams at elevated temperatures.
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Notations
B Width of flange
b Flat width of flange

CoV Coefficient of variation



D Length of the supporting insulation at mid

E Young’s modulus

E, Strain hardening modulus

Feyp Experimental ultimate load of simply supported beams
Frey Numerical ultimate load of simply supported beams

F, Mean values of fabrication factor

fu Ultimate stress

5 Yield stress, taken as the 0.2% proof stress

H Width of web

h Flat width of web

L Length of the beam

Mypy Moment capacity predicted by the ADM [14]

Mysnzs Moment capacity predicted by the AS/NZS [15]

M s, Moment capacity predicted by the CSM

Mgy Moment capacity predicted by EC9 [10]

M, Weif, is the elastic moment capacity

M., Moment capacities obtained from three-point bending tests
Mrey Moment capacities obtained from finite element modelling
M, Mean values of material properties factor

M, Wi, is the plastic moment capacity

M, Experimental or numerical moment capacities

P, Mean value of test and numerical-to-predicted moment capacities ratios
t Wall thickness

Vi Coefficients of variation of fabrication factor

Vi Coefficients of variation of material properties factor

Vp Coefficient of variation of test and numerical-to-predicted load ratios
Vo Coefficient of variation of load effect

Wy Elastic modulus of effective section

W, Elastic section modulus

Wi Plastic section modulus

X Proportion of ultimate strain

B Reliability index



Bo

Target reliability index

£ Engineering strain

Ecsm CSM limiting strain

el True plastic strain

&y Strain at ultimate tensile stress

&y Yield strain (f,/E)

[0) Resistance factor

l_p Cross-sectional slenderness

o Engineering stress

O Elastic buckling stress

Otrue True stress
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Fig. 1. Typical failure modes of finite element model and test specimen (specimen 151A [14])
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Table. 1 Measured dimensions and material properties of beam specimens [9]

B H t L D f, f, T Pexp

SPECIMENS  (mm)  (mm)  (mm)  (mm)  (mm) (MPa) (MPa)  (C)  (kN)

133A 99.86  99.85 2.95 2000 149 696 741 300 413
134A 99.94  99.92 2.95 2000 152 119.7 1241 250 9.13
141A 99.91  99.99 4.02 2000 146 522 66.8 300 5.60
141B 99.91 99.99 4.02 2000 146  86.8 108.2 250 10.75
145A 9991  99.99 4.02 1000 146  86.8 108.2 250 19.82
151A 100.01 100.03 4.81 2000 152 643 66.2 300 7.07
154A 100.03 100.00 4.80 1000 150 1179 125.2 250 25.33
154B 100.02 100.01  4.81 2000 158 117.9 125.2 250 12.45




Table. 2 Material properties at elevated temperatures from tensile coupon tests [24]

Aluminium Temperature E fy f,
alloys ) (MPa) (MPa) (MPa)
24 69500 199.9 232.3
100 64018 195.2 225.1
200 63350 176.9 197.8
250 59410 176.0 190.8
300 58502 181.0 189.1
6061-T6 350 55086 164.0 169.6
400 52100 139.0 145.9
450 54200 105.1 108.4
500 43100 80.7 85.1
600 15700 175 20.6
24 65600 186.6 226.8
100 63350 183.7 217.6
200 56100 163.1 183.4
250 54200 147.1 159.3
300 51700 131.2 138.5
0063-T5 350 47300 111.9 114.2
400 33700 67.9 71.0
450 43980 47.0 50.6
500 34100 18.6 19.1

600 28900 7.3 7.6




Table 3. Comparison between experimental [14] and numerical results of three-point bending

beams
Specimens Pexp (KN) Prem (KN) ;‘ﬂ
FEM
133A 4.13 4.19 0.99
134A 9.13 8.95 1.02
141A 5.60 5.98 0.94
141B 10.75 12.09 0.89
145A 19.82 20.80 0.95
151A 7.07 7.52 0.94
154A 25.33 25.09 1.01
154B 12.45 14.57 0.85
Mean 0.95

CoV 0.053




Table 4. Comparisons between test results [ 14] and design strengths

- M exp M exp M exp M exp M exp M exp

Specimens b/t !/ Maw—1 Mapm—s Masnzs Meco—s Mpcoa Mesm
133A 319 056  0.78 0.75 0.83 1.02 0.83 0.61
134A 319 0.69 1.00 0.98 1.06 1.31 1.06 1.07
141A 229 035 0.89 0.97 1.13 1.22 0.97 0.91
141B 229 042 097 1.11 1.31 1.17 1.12 1.08
145A 229 042 0.89 1.03 1.20 1.08 1.03 1.00
151A 18.8 0.33 0.93 0.84 0.99 1.28 0.84 0.83
154A 18.8 041 0.95 0.82 0.97 1.15 0.82 0.81

154B 18.8 0.4l 0.93 0.81 0.95 1.13 0.81 0.80




Table 5. Comparisons between numerical results and design strengths (aluminium alloy

6061-T6)

. - Megmy Mpey Mrem Mpgy Mpgy Mpgy
Specimens ot Iy Meew Mapm-1 Mapm—2 MAS/NZS Mgco-1 Mgco-2  Mcsyu
H100x100x10-T24 8.0 021 3581 1.46 1.46 1.82 1.47 1.47 1.30
H100x100x10-T100 8.0 021 3522 1.52 1.47 1.83 1.52 1.48 1.32
H100x100x10-T200 8.0 020 3148 1.67 1.45 1.81 1.63 1.46 1.33
H100x100x10-T250 8.0 021 30.79 2.74 1.43 1.78 2.30 1.43 1.34
H100x100x10-T300 8.0 021 3095 4.87 1.40 1.74 4.09 1.40 1.35
H100x100x10-T350 8.0 021 27.77 8.74 1.38 1.72 11.39 1.39 1.35
H100x100x10-T400 80 020 2394 1398 141 1.75 13.09 141 1.36
H100x100x10-T450 8.0 017 17.84 18.32 1.39 1.73 14.63 1.39 1.36
H100x100x10-T500 8.0 017 14.05 29.07 142 1.77 23.05 1.43 1.38
H100x100x10-T600 8.0 0.13 3.30 - 1.54 191 - 1.54 1.46
H100x100x6.67-T24 13.0 033 22.02 1.26 1.26 1.52 1.26 1.26 1.12
H100x100x6.67-T100 13.0 034 21.63 1.30 1.27 1.52 1.30 1.27 1.14
H100x100x6.67-T200 13.0 033 19.55 1.45 1.26 1.52 1.42 1.27 1.15
H100x100x6.67-T250 13.0 034 19.25 2.40 1.25 151 2.01 1.25 1.17
H100x100x6.67-T300 13.0 035 19.54 4.30 1.24 1.49 3.61 1.24 1.19
H100x100x6.67-T350 130 034 17.58 7.74 1.23 1.47 10.07 1.23 1.20
H100x100x6.67-T400 13.0 032 15.19 1243 1.25 1.50 11.60 1.25 1.20
H100x100x6.67-T450 130 028 1149 16.57 1.25 1.50 13.17 1.25 1.22
H100x100x6.67-T500 13.0 0.27 9.00 26.16 1.28 1.53 20.62 1.28 1.23
H100x100x6.67-T600 13.0 0.21 1.96 - 1.28 154 - 1.28 1.21
H100x100x5-T24 180 046 1552 1.15 1.15 1.36 1.36 1.36 1.12
H100x100x5-T100 180 048 15.27 1.19 1.15 1.36 1.19 1.15 1.13
H100x100x5-T200 180 046 13.86 1.33 1.16 1.37 1.30 1.16 1.13
H100x100x5-T250 180 047 13.69 2.20 1.15 1.36 1.84 1.15 1.14
H100x100x5-T300 180 0.48 13.60 3.86 111 131 3.24 111 1.10
H100x100x5-T350 180 047 12.54 7.12 1.13 1.33 9.26 1.13 1.12
H100x100x5-T400 180 045 10.89 11.53 1.16 1.37 10.72 1.16 1.15
H100x100x5-T450 18.0 0.38 8.17 15.24 1.15 1.36 12.06 1.15 1.13
H100x100x5-T500 180 0.37 6.49 24.42 1.19 1.40 19.17 1.19 1.16
H100x100x5-T600 18.0 0.29 1.42 - 1.20 141 - 1.19 1.13
H100x100x4-T24 23.0 059 11.79 1.08 1.08 1.25 1.25 1.25 1.10
H100x100x4-T100 23.0 061 11.50 1.11 1.08 1.25 1.28 1.25 1.12
H100x100x4-T200 23.0 058 1047 1.24 1.08 1.25 1.40 1.25 1.10
H100x100x4-T250 23.0 060 10.19 2.00 1.06 1.22 1.67 1.22 1.09




Table 5. (cont’d)

- MFEM MFEM MFEM MFEM MFEM MFEM

Specimen o /o Meew Mipm-1 Mapm-2 Mas/nzs Mpco-1 Mgco—2  Mcsm
H100x100x4-T300 230 0.61 10.06 3.50 1.03 1.18 2.93 1.18 1.04
H100x100x4-T350 230 0.60 9.61 6.68 1.08 1.24 8.69 1.24 111
H100x100x4-T400 230 057 8.18 10.64  1.08 1.25 9.86 1.25 1.10
H100x100x4-T450 230 049 6.38 14.62 110 1.28 11.53 1.10 1.10
H100x100x4-T500 230 048 480 2241 1.08 1.26 1736 1.08 1.08
H100x100x4-T600 230 037 1.11 - 1.18 1.33 - 1.14 1.10

H100x100x3.33-T24 280 0.72 852 0.96 0.96 1.06 1.11 1.11 1.07
H100x100x3.33-T100 280 0.74 890 1.06 1.04 1.14 1.21 1.18 1.17
H100x100x3.33-T200 280 0.71  8.09 1.18 1.03 1.14 1.28 1.16 1.14
H100x100x3.33-T250 280 0.73 799 1.90 1.03 1.13 1.56 1.15 1.15
H100x100x3.33-T300 280 0.75 7.63 3.17 0.96 1.05 2.64 1.08 1.01
H100x100x3.33-T350 280 074 7.50 6.21 1.05 1.14 8.04 1.15 1.16
H100x100x3.33-T400 280 0.70 6.46 10.00  1.05 1.16 9.23 1.16 1.13
H100x100x3.33-T450 280 059 5.05 13.84  1.06 1.20 10.82 1.20 1.07
H100x100x3.33-T500 280 058 395 2224 1.09 1.22 16.93 1.05 1.08
H100x100x3.33-T600 280 045 0.89 - 1.16 1.27 - 1.09 1.08
H100x100x2.5-T24 380 098 594 0.99 0.99 1.01 1.13 1.13 1.17
H100x100x2.5-T100 380 101 539 0.94 0.94 0.96 1.06 1.04 1.11
H100x100x2.5-T200 380 097 534 1.12 1.00 1.02 1.22 1.12 1.18
H100x100x2.5-T250 380 099 528 1.77 1.02 1.04 1.63 111 1.21
H100x100x2.5-T300 380 1.02 534 3.07 1.01 1.04 2.79 1.10 1.16
H100x100x2.5-T350 380 1.00 4.88 5.51 1.01 1.04 6.85 1.08 1.19
H100x100x2.5-T400 380 094 412 8.64 0.98 1.00 7.71 1.05 1.14
H100x100x2.5-T450 380 080 3.50 12.98 1.05 1.08 9.83 1.12 1.15
H100x100x2.5-T500 38.0 079 268 2042 1.05 1.08 15.02 1.07 1.14
H100x100x2.5-T600 380 061 0.64 - 1.14 1.17 - 1.02 1.06




Table 6. Comparisons between numerical results with design strengths (aluminium alloy

6063-T5)

Specimens bit 7p Mgy Mpgy Mpgy Mrem Mpgy Mpgy Mpgy

Mapm-1 Mapm-2 MAS/NZS Mgcg-1 Mgco-2  Mcsy
N100x100x10-T24 8.0 0.22  34.69 1.52 1.52 1.89 1.47 152 1.30
N100x100x10-T100 8.0 0.22 33.53 1.58 1.49 1.85 1.52 1.50 1.30
N100x100x10-T200 8.0 0.22 29.23 1.80 1.46 1.82 1.63 1.47 1.34
N100x100x10-T250 8.0 0.22 2584 2.76 1.44 1.79 2.30 1.44 1.35
N100x100x10-T300 8.0 0.21 2270 3.98 141 1.76 4.09 142 1.36
N100x100x10-T350 8.0 0.20 18.71 6.30 1.37 1.70 11.39 1.37 1.35
N100x100x10-T400 8.0 0.19 11.73 7.34 141 1.76 13.09 142 1.37
N100x100x10-T450 8.0 0.14 8.35 9.19 1.45 1.80 14.63 1.46 1.42
N100x100x10-T500 8.0 0.10 3.20 7.10 141 1.75 23.05 141 1.40
N100x100x10-T600 8.0 0.07 1.28 - 1.44 1.78 - 1.44 1.43
N100x100x6.67-T24 13.0 034 21.07 1.29 1.29 1.55 1.26 1.29 1.12
N100x100x6.67-T100 13.0 0.34 20.08 1.32 1.25 1.50 1.30 1.25 1.10
N100x100x6.67-T200 13.0 0.34 17.90 1.55 1.26 151 1.42 1.26 1.14
N100x100x6.67-T250 13.0 0.33 16.21 2.42 1.26 1.52 2.01 1.26 1.18
N100x100x6.67-T300 13.0 0.32 14.24 3.49 1.24 1.49 3.61 1.24 1.19
N100x100x6.67-T350 13.0 0.31 11.99 5.66 1.23 1.47 10.07 1.23 1.21
N100x100x6.67-T400 13.0 0.28 7.52 6.60 1.27 1.52 11.60 1.27 1.23
N100x100x6.67-T450 13.0 0.21 5.40 8.35 131 1.58 13.17 1.32 1.28
N100x100x6.67-T500 13.0 0.15 2.05 6.40 1.26 1.52 20.62 1.26 1.26
N100x100x6.67-T600 13.0 0.10 0.82 - 1.30 1.55 - 1.29 1.29
N100x100x5-T24 18.0 045 14.61 1.15 1.15 1.37 1.36 1.16 1.11
N100x100x5-T100 18.0 0.46 14.36 1.22 1.15 1.36 1.19 1.15 1.12
N100x100x5-T200 18.0 0.46 12.54 1.40 1.13 1.34 1.30 1.13 1.11
N100x100x5-T250 18.0 0.44 11.33 2.18 1.14 1.34 1.84 1.14 1.12
N100x100x5-T300 18.0 0.3 10.11 3.20 1.14 1.34 3.24 1.14 1.12
N100x100x5-T350 18.0 041 8.71 5.30 1.15 1.36 9.26 1.15 1.15
N100x100x5-T400 18.0 0.38 5.41 6.14 1.17 1.39 10.72 1.18 1.16
N100x100x5-T450 18.0 0.28 3.93 7.85 1.23 1.46 12.06 1.23 1.20
N100x100x5-T500 18.0 0.20 1.50 6.06 1.19 141 19.17 1.19 1.19
N100x100x5-T600 18.0 0.14 0.60 - 1.22 1.43 - 121 1.21
N100x100x4-T24 23.0 057 10.96 1.07 1.07 1.24 1.25 1.27 1.09
N100x100x4-T100 23.0 058 10.92 1.15 1.09 1.26 1.28 1.28 1.11
N100x100x4-T200 23.0 058 9.20 1.26 1.04 1.19 1.40 1.20 1.06
N100x100x4-T250 23.0 056 8.64 2.04 1.08 1.24 1.67 1.24 1.09




Table 6. (cont’d)

Specimens b/t 7p Mee, Meemy  Mpem Mrem Mgy Mpem Mpen

Mppm-1 Mapm—2 Mas/nzs Mpco-1 Meco-2  Mcsm
N100x100x4-T300 230 054 777 3.01 1.09 1.25 2.93 1.25 1.09
N100x100x4-T350 230 052 6.67 4.98 1.09 1.26 8.69 1.08 1.10
N100x100x4-T400 230 048 419 5.84 1.14 131 9.86 1.12 1.12
N100x100x4-T450 230 035 3.04 7.48 1.17 1.37 11.53 1.17 1.15
N100x100x4-T500 23.0 0.26 1.18 5.87 1.16 1.35 17.36 1.15 1.14
N100x100x4-T600 230 017 047 - 1.18 1.36 - 1.17 1.16
N100x100x3.33-T24 28.0 0.69 8.47 1.03 1.03 1.13 1.11 1.23 1.14
N100x100x3.33-T100 280 070 849 1.11 1.05 1.15 1.21 1.25 1.17
N100x100x3.33-T200 280 070 747 1.26 1.04 1.14 1.28 1.21 1.15
N100x100x3.33-T250 28.0 0.67 6.78 1.93 1.05 1.15 1.56 1.20 1.14
N100x100x3.33-T300 280 065 6.14 2.84 1.06 1.17 2.64 1.20 1.12
N100x100x3.33-T350 280 063 532 4.72 1.07 1.18 8.04 1.19 1.10
N100x100x3.33-T400 280 058 334 5.54 111 1.23 9.23 1.05 1.10
N100x100x3.33-T450 28.0 042 245 7.21 1.13 1.30 10.82 1.12 1.11
N100x100x3.33-T500 280 031 097 5.88 1.13 1.31 16.93 1.12 1.12
N100x100x3.33-T600 280 021 039 - 1.16 1.33 - 1.14 1.14
N100x100x2.5-T24 38.0 093 5.67 1.01 1.01 1.04 1.13 1.19 1.20
N100x100x2.5-T100 380 094 550 1.04 1.00 1.03 1.06 1.17 1.19
N100x100x2.5-T200 38.0 094 4.60 1.11 0.95 0.98 1.22 1.08 1.12
N100x100x2.5-T250 380 091 430 1.72 0.97 0.99 1.63 1.10 1.13
N100x100x2.5-T300 380 088 3.89 2.49 0.97 0.99 2.79 1.09 1.12
N100x100x2.5-T350 380 085 347 4.20 1.01 1.03 6.85 111 1.14
N100x100x2.5-T400 380 078 227 5.11 1.08 111 7.71 111 1.17
N100x100x2.5-T450 38.0 0.57 1.71 6.80 1.10 1.18 9.83 1.18 1.06
N100x100x2.5-T500 380 041 0.70 5.71 1.11 121 15.02 1.05 1.05
N100x100x2.5-T600 380 028 0.29 - 1.14 1.27 - 1.10 1.10




Table 7 Summary comparison results and reliability analysis for design methods (number of

specimens: 128)

M, M, M, M, M, M,

MADM—l MADM—Z MAS/NZS MEC9—1 MEC9—2 Mcsm

Mean, Py, 5.32 1.16 1.34 4.44 1.20 1.16
CoV, V, 5.877 0.158 0.250 4.686 0.139 0.121
0 0.90 0.90 0.85 0.91 0.91 0.90
i 0.382 2.73 2.73 0.434 2.86 2.73




