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ABSTRACT: Numerical investigation of aluminum alloy plate girders subjected to shear force has been presented
in this paper. The aluminum alloy plate girders were fabricated by welding three plates to form an I-section. A total of
118 numerical data are presented. A non-linear finite element model is developed and verified against experimental
results. Geometric and material non-linearities were included in the finite element model. The welding of the aluminum
alloy plate girders and the influence of the heat affected zone (HAZ) are also considered and carefully modeled. A
sensitivity analysis on geometric imperfections of the aluminum alloy plate girders was performed. It was shown that
the finite element model closely predicted the ultimate loads, web deformations and failure modes of aluminum alloy
plate girders. Hence, the model was used for an extensive parametric study of cross-section geometries, and the web
slenderness value ranged from 49 to 393. The test results and the shear resistances predicted by the finite element
analysis were compared with the design strengths obtained using the European Code and American Specification for
aluminum structures. Based on the experimental and numerical results, a design method for shear resistance of
aluminum alloy plate girders is proposed in this study. The proposed design method is modified from the design rules
in the EC9 Code. It is shown that the proposed design strengths are generally conservative and reliable.

Keywords: Aluminum structures, Design rules, Numerical investigation, Plate girder, Sensitivity analysis, Shear
resistance

1. INTRODUCTION

In the past years, structural members in the form of plate girders have been widely used in the
construction of buildings, bridges and other structures. They are popular to be used by designers
since they can be tailor-made to suit any situation whereas hot-rolled steel sections are only rolled
in a limited number of profiles. It should be noted that plate girders can also be fabricated from
aluminum alloy. Aluminum alloy is much lighter than steel and sometimes it may be very useful for
design of structures where the self-weight is an important design criterion. In addition, the nature of
aluminum alloy would not normally rust so the maintenance of an aluminum structure is minimal
and as a result of considerable cost-saving. Therefore, aluminum alloy plate girders have certain
advantages over steel plate girders and should be investigated to gain a better understanding of their
behaviour.

The webs of aluminum alloy plate girders are usually slender, hence, easy to buckle in shear at
relative low applied loads. In order to provide an efficient and economical design, advantage should
be taken of the post-buckling capacity of the plate girder. It has been well-documented by Evans [1]
that a transversely stiffened girder can withstand loads considerably in excess of the load at which
web buckling first occurs. This post-buckling reserve of strength arises from the development of
tension field action within the web.

The post-buckling behaviour of steel plate girder has been studied by many researchers [2—6].
However, a comparatively little research has been conducted on aluminum alloy plate girders
subjected to shear force. Evans and Hamoodi [7] performed twenty-two tests to investigate the
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post-buckling behaviour of welded aluminum alloy plate girders. The girders have transverse or
longitudinal web stiffeners and are subjected to different combinations of shear and bending loads.
It was observed that, although shear sway mechanisms similar to those for steel girders was
developed, the webs of aluminum girders may fracture in the heat affected zones (HAZ) adjacent to
the welds. It is shown that the tension field theory, originally developed for steel girders, may
overestimate the shear-carrying capacity of aluminum girders and it is concluded that the theory
requires some modification before it can be applied with confidence to aluminum girders. Based on
these experimental results, a finite element model was developed by Cheng et al. [8] to investigate
the shear resistance of aluminum alloy plate girders. However, the welding of the aluminum alloy
plate girder is not considered. Hence, the influence of the heat affected zone (HAZ) is ignored. It
should be noted that heating the material tends to erase the effect of precipitation-heat treatments
and strain-hardening, so arc welding, which brings a localized portion of the metal to the melting
point, decreases the material’s strength at the weld [9].

The objective of this paper is to assess the appropriateness of the shear resistance design rules in
the current specifications for aluminum alloy plate girders. An accurate finite element model (FEM)
was developed to investigate the behaviour of aluminum alloy plate girders subjected to shear force.
The finite element analysis (FEA) program ABAQUS [10] was used for the numerical investigation.
The FEM included geometric and material non-linearities. The welding of the aluminum alloy plate
girder and the influence of the heat affected zone (HAZ) are considered and carefully modeled. The
FEM was verified against the aluminum alloy plate girder tests conducted by Lam [11]. Aluminum
alloy plate girders with end posts (web stiffeners) consist of a single plate were investigated.
Parametric study was performed to investigate the effect of cross-section geometries on the shear
resistance of aluminum alloy plate girder. The test results as well as the shear resistances predicted
by the FEA were compared with the design strengths obtained using the European Code [12] and
American Specification [13] for aluminum structures. Modifications on the design rules of EC9 [12]
Code are made for the proposed design method for shear resistance of aluminum alloy plate girders
with end posts.

2. SUMMARY OF EXPERIMENTAL INVESTIGATION

A test program has been conducted by Lam [11] to investigate the shear behaviour of aluminum
alloy plate girders with end posts consisting of a single plate. A total of eight tests of 7020 series
and 6082 series aluminum alloy plate girders have been conducted. Both series of 7020 and 6082
aluminum alloy plate girders consist of two panels of equal depth for each specimen. At mid-span
between the panels of each girder, a very strong intermediate doubled-sided vertical stiffener was
used. Each panel comprised two equal flanges of rectangular cross-section, a rectangular web plate
of uniform thickness and an end post consisting of a single plate. The layout and the definition of
symbols for an aluminum alloy plate girder are shown in Figure 1. The dimensions and material
properties are shown in Table 1.

Prior to testing, one of the panels of the girder was reinforced while the other panel was
instrumented for testing. The girder was simply supported at its ends and subjected to a vertical
point load which was applied by a servo-controlled hydraulic jack. Each girder was loaded
predominantly in shear. During the tests, two different failure modes were observed. The collapse
behaviour of the test 11-7020 and test [1-6082 are similar, but entirely different from the other tests.
The failure modes observed for most of the aluminum alloy plate girders of test I, test III and test
IV of both series of 7020 and 6082 were mainly shear buckling. Figure 2a shows the failure mode
of the test 1-7020. The aluminum alloy plate girders failed by buckling in the end post for test
I1-7020 and test 1I-6082, as clearly shown in Figure 3a. The severe deformation of the failed end
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post can be seen in Figure 3a. In addition to the buckling of the end post, which occurred at a
position of about one-third of the height of the post, the web panel has also buckled. The ultimate
loads of the aluminum alloy plate girder tests are shown in Table 2. The experimental investigation
is detailed in Lam [11].
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Figure 1. Definition of Symbols
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Figure 2. Comparison of Experimental and Numerical Failure Mode of Specimen Test I —7020
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(a) Experiment (Lam 1993)
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Figure 3. Comparison of Experimental and Numerical Failure Mode of Specimen Test 11 —7020

Table 1. Dimensions and Material Properties of Test Specimens (Lam 1993)

Web Space Flange Stiffener rz(())l(;?l%;ss
Specimen | Series I . 7 B b i 5 b, N 7 £

(mm) | (mm) | (MPa) | (mm) | (mm) | (mm) (N;Pa (mm) | (mm) | (MPa) (MPa)
Test I 601.0 | 3.15 334.1 633.2 129.5 | 9.85 | 341.6 64.4 9.65 341.6 70400
Test 11 2020 598.5 3.15 334.1 630.7 128.7 | 9.70 | 341.6 64.5 3.15 334.1 70300
Test 111 598.5 3.15 334.1 632.3 129.0 | 9.69 | 341.6 65.1 6.26 317.4 70333
Test IV 601.0 | 3.15 334.1 633.3 129.6 | 9.84 | 341.6 55.0 9.55 341.6 70400
Test I 602.0 | 3.18 | 245.1 632.8 129.0 | 9.74 | 2725 64.4 9.80 272.5 70000
Test 11 6082 600.0 | 3.18 | 245.1 630.6 129.0 | 9.80 | 272.5 63.7 3.22 245.1 70000
Test 111 600.0 | 3.18 | 245.1 631.1 129.0 | 9.80 | 2725 64.0 6.43 278.4 70000
Test IV 602.0 | 3.18 | 245.1 635.3 129.0 | 9.74 | 2725 54.5 9.80 272.5 70000

Note: by shown above is actually half of the by shown in the experiments conducted by Lam (1993)
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Table 2. Comparison of Numerical Results with Test Results

Exp. load .
. ' per web Comparison
Specimen Series Vew Ve Veen
(kN) h/100  h,/200  h,/500  h,/1000  h,/3000  h,/6000

Test | 157.0 1.00 0.99 0.98 0.97 0.97 0.97
Test I1 7000 118.5 1.07 1.04 1.03 1.03 1.03 1.03
Test 111 152.0 1.05 1.04 1.04 1.03 1.03 1.03
Test IV 156.8 0.96 0.97 0.97 0.98 0.98 0.98
Test | 119.0 0.93 0.94 0.94 0.94 0.94 0.94
Test I1 6082 84.5 1.00 0.99 0.98 0.98 0.98 0.98
Test 111 113.5 0.97 0.98 0.98 0.98 0.98 0.98
Test IV 134.5 1.05 1.06 1.07 1.08 1.08 1.08

Mean | 1.004  1.001 0.999 0.999 0.999 0.999

COV | 0.049 0.041 0.043 0.045 0.045 0.045

3. NUMERICAL INVESTIGATION

3.1 General

The non-linear finite element analysis program ABAQUS [10] version 6.7 was used to simulate the
ultimate loads, web deformations and failure modes of aluminum alloy plate girders with end posts.
The finite element simulation consisted of two steps. The first step is linear perturbation analysis,
which was performed on a “perfect” geometry to obtain probable elastic buckling modes of the
aluminum alloy plate girder. The second step is non-linear analysis by incorporating both geometric
and material non-linearities, which was performed to obtain the ultimate load, web deformation and
failure mode of the aluminum alloy plate girder.

In the finite element model (FEM), the measured cross-section dimensions, material properties
obtained from coupon tests and initial geometric imperfections were used. The model was based on
the centerline dimensions of the cross-sections. The welding of the aluminum alloy plate girder and
the influence of the heat affected zone (HAZ) were considered and carefully modeled.

3.2 Element Type and Mesh

The four-node doubly curved general-purpose shell elements S4R were used in the finite element
analysis (FEA) to model the aluminium alloy plate girder components. It is mentioned in the
ABAQUS manual that S4R element is suitable for complex buckling behaviour. The S4R element
has six degrees of freedom per node and provides accurate solutions to most applications [10]. Five
integration points were taken in the thickness direction. The finite element mesh used in the model
was investigated by varying the size of the elements in the cross-section to provide both accurate
results and less computational time. The finer mesh size of 8x8mm (length by width) in the HAZ
areas and the finite element mesh size of 15%15mm for the rest of the section were used. Figures 2b
and 3b show the geometry and the mesh of the plate girders.
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3.3. Boundary Condition and Method of Loading

The aluminum alloy plate girder was simply supported at its end and subjected to a vertical point
load. Following the test procedure, the simply supported end boundary conditions were modeled by
restraining the translational degrees of freedom in the Y and Z directions at one end and restraining
the translational degree of freedom in the Y direction only at the other end.

The loading method used in the FEA was identical to that used in the tests. The displacement
control method was used for the analysis of the aluminum alloy plate girder. Vertical point load was
applied to the girder by specifying a displacement to the nodes at the center of the girder.

34 Material Modelling

As mentioned earlier, the first step of the FEA is a linear analysis where there is a linear
relationship between the applied loads and the response of the structure. In this step, the stiffness of
the structure remained constant. Hence, only the density, Young’s modulus and Poisson’s ratio
defined the material properties. However, the second step of the FEA is a non-linearity analysis
where the stiffness of the structure changed as it deformed. The material non-linearity was
incorporated in the FEM by specifying the true values of stresses and strains. The plasticity of the
material was simulated by a mathematical model, known as the incremental plasticity model, and

the true stress ( 0j.e) and plastic true strain (&” ) were specified in ABAQUS [10].

true

It is well-known that a heat affected zone (HAZ) develops in an aluminum alloy plate girder
adjacent to the welds. In the HAZ, the strength varies from a minimum at the weld to the full
strength of the virgin material at a certain distance away from the weld. The welding of the
aluminum alloy plate girder and the influence of the heat affected zone (HAZ) are also considered
and carefully modeled in this study. The extent of the HAZ and material properties of the HAZ are
predicted according to EC9 Code [12], then modeled accordingly in the FEM.

4. SENSITIVITY ANALYSIS AND VERIFICATION OF FINITE ELEMENT MODEL

A sensitivity analysis on geometric imperfections of the aluminum alloy plate girders was
performed for both series of 7020 and 6082 to determine the most appropriate scale factor for the
finite element model (FEM). A number of scale factors expressed in terms of 1/100, 1/200, 1/500,
1/1000, 1/3000 and 1/6000 of the depth of the web between the flanges (4,,) were investigated. The
results of the sensitivity analysis are shown in Table 2, in which, Vg, is the experimental ultimate
load, and Vg4 is the ultimate load predicted by the FEA. It is shown that using the scale factors of
1/100, 1/200, 1/500, 1/1000, 1/3000 and 1/6000 of the depth of the web between the flanges (4,,)
provide good predictions compared with the experimental results. The results obtained for different
scale factors are relatively close. Generally, the scale factor of 1/200 of the depth of the web
between the flanges provides the best predictions for both series of 7020 and 6082 in terms of the
mean value and coefficient of variation (COV). Hence, a scale factor of 4,,/200 was chosen for the
verification of the finite element model as well as for the parametric study.

In the verification of the developed FEM, a total of eight aluminum alloy plate girders subjected to
shear force were analyzed. A comparison between the experimental results and the finite element
results was carried out. The main objective of this comparison is to verify and check the accuracy
of the finite element model. The comparison of the test results (Vgy,) with the shear resistance of
aluminum alloy plate girders (Vrz4) predicted by the FEA is shown in Table 2. It can be seen that
good agreement has been achieved between both results for all specimens where a scale factor of
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1/200 of the depth of the web between the flanges was used in modeling the geometric
imperfections of the aluminum alloy plate girders. A maximum difference of 6% was observed
between the experimental and numerical results for specimens Test [-6082 and Test IV-6082. The
mean value of the Vi,,/Vre4 ratio 1s 1.001 with the corresponding coefticient of variation (COV) of
0.041.

Two different failure modes were observed from the tests and also verified by the finite element
model, as shown in Figures 2 and 3. The failure mode of the tests 1I-7020 and test I11-6082 is
entirely different from the other tests as mentioned in the Summary of Experimental Investigation
Section. A typical comparison of the load-web deformation curves between experimental and finite
element analysis for specimen test 1-7020 is shown in Figure 4. It is shown that both the failure
modes and the load-web deformation curves reflect good agreement between the experimental and
finite element results.
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Figure 4. Comparison of Experimental and Numerical Load-web Deformation Curves
for Specimen Test I — 7020

S. PARAMETRIC STUDY

It is shown that the FEM closely predicted the shear behaviour of aluminum alloy plate girders with
end posts consisting of a single plate. Hence, parametric study was carried out to study the effects
of cross-section geometries on the shear ultimate load of aluminum alloy plate girder. A total of 118
specimens in 4 Groups were analyzed in the parametric study. In Group 1, 35 specimens were
analyzed to investigate the effects of web on the shear behaviour of aluminum alloy plate girder.
The dimensions of web varied and the web slenderness (4,/,) ranged from 98 to 393 while the
dimensions of flange and stiffener were kept constant, as shown in Table 3. Five different aspect
ratios (a/b,,) were investigated in this study. In Group 2, 40 specimens were analyzed to investigate
the effects of bending rigidity of flange on the collapse behaviour of aluminum alloy plate girder.
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The dimensions of flange and web varied and four different flange-to-web thickness ratios (#/t,,) of
2, 3, 4 and 5 were investigated, while the dimensions of stiffener were kept constant, as shown in
Table 4. In Group 3, 36 specimens were analyzed to investigate the effects of bending rigidity of
stiffener on the collapse behaviour of aluminum alloy plate girder. The dimensions of stiffener and
web varied and four different stiffener-to-web thickness ratios (z/%,) of 2, 3, 4 and 5 were
investigated, while the dimensions of flange were kept constant, as shown in Table 5. The half
width of stiffener (b;) was also investigated in Group 4, as shown in Table 6, where 7 specimens
with half width of stiffeners were analyzed. The material properties of test specimen of Test 11-6082
were used in the parametric study.

Table 3. Cross-section Dimensions of Parametric Study for Group 1

Web Space Flange Stiffener
Specimen d, t, h,/t, a a/b,, by tr b t
(mm) | (mm) (mm) (mm) | (mm) | (mm) | (mm)

G1-T1.5-A0.5 600 1.5 393 300 0.56 200 10 100 10
G1-T1.5-A1.0 600 1.5 393 600 1.11 200 10 100 10
G1-T1.5-A2.0 600 1.5 393 1200 | 2.22 200 10 100 10
G1-T1.5-A3.0 600 1.5 393 1800 | 3.33 200 10 100 10
G1-T1.5-A4.0 600 1.5 393 | 2400 | 4.44 200 10 100 10
G1-T2.0-A0.5 600 2.0 295 300 0.56 200 10 100 10
G1-T2.0-A1.0 600 2.0 295 600 1.11 200 10 100 10
G1-T2.0-A2.0 600 2.0 295 1200 | 2.22 200 10 100 10
G1-T2.0-A3.0 600 2.0 295 1800 | 3.33 200 10 100 10
G1-T2.0-A4.0 600 2.0 295 | 2400 | 4.44 200 10 100 10
G1-T2.5-A0.5 600 2.5 236 300 0.56 200 10 100 10
G1-T2.5-A1.0 600 2.5 236 600 1.11 200 10 100 10
G1-T2.5-A2.0 600 2.5 236 1200 | 2.22 200 10 100 10
G1-T2.5-A3.0 600 2.5 236 1800 | 3.33 200 10 100 10
G1-T2.5-A4.0 600 2.5 236 | 2400 | 4.44 200 10 100 10
G1-T3.0-A0.5 600 3.0 197 300 0.56 200 10 100 10
G1-T3.0-A1.0 600 3.0 197 600 1.11 200 10 100 10
G1-T3.0-A2.0 600 3.0 197 1200 | 2.22 200 10 100 10
G1-T3.0-A3.0 600 3.0 197 1800 | 3.33 200 10 100 10
G1-T3.0-A4.0 600 3.0 197 | 2400 | 4.44 200 10 100 10
G1-T4.0-A0.5 600 4.0 148 300 0.56 200 10 100 10
G1-T4.0-A1.0 600 4.0 148 600 1.11 200 10 100 10
G1-T4.0-A2.0 600 4.0 148 1200 | 2.22 200 10 100 10
G1-T4.0-A3.0 600 4.0 148 1800 | 3.33 200 10 100 10
G1-T4.0-A4.0 600 4.0 148 | 2400 | 4.44 200 10 100 10
G1-T6.0-A0.5 600 6.0 98 300 0.56 200 10 100 10
G1-T6.0-A1.0 600 6.0 98 600 1.11 200 10 100 10
G1-T6.0-A2.0 600 6.0 98 1200 | 2.22 200 10 100 10
G1-T6.0-A3.0 600 6.0 98 1800 | 3.33 200 10 100 10
G1-T6.0-A4.0 600 6.0 98 2400 | 4.44 200 10 100 10
G1-T12.0-A0.5 600 12.0 49 300 0.56 200 10 100 10
G1-T12.0-A1.0 600 12.0 49 600 1.11 200 10 100 10
G1-T12.0-A2.0 600 12.0 49 1200 | 2.22 200 10 100 10
G1-T12.0-A3.0 600 12.0 49 1800 | 3.33 200 10 100 10
G1-T12.0-A4.0 600 12.0 49 2400 | 4.44 200 10 100 10
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Table 4. Cross-section Dimensions of Parametric Study for Group 2

79

Web Space Flange Stiffener
Specimen
d. ty h/t, a a/b,, by tr by t
(mm) | (mm) (mm) (mm) | (mm) | (mm) | (mm)

G2-T1.5-F2-A1.0 600 1.5 398 600 1.10 200 3.0 100 10
G2-T1.5-F3-A1.0 600 1.5 397 600 1.10 200 4.5 100 10
G2-T1.5-F4-A1.0 600 1.5 396 600 1.10 200 6.0 100 10
G2-T1.5-F5-A1.0 600 1.5 395 600 1.11 200 7.5 100 10
G2-T2.0-F2-A1.0 600 2.0 298 600 1.10 200 4.0 100 10
G2-T2.0-F3-A1.0 600 2.0 297 600 1.10 200 6.0 100 10
G2-T2.0-F4-A1.0 600 2.0 296 600 1.11 200 8.0 100 10
G2-T2.0-F5-A1.0 600 2.0 295 600 1.11 200 10.0 100 10
G2-T2.5-F2-A1.0 600 2.5 238 600 1.10 200 5.0 100 10
G2-T2.5-F3-A1.0 600 2.5 237 600 1.11 200 7.5 100 10
G2-T2.5-F4-A1.0 600 2.5 236 600 1.11 200 10.0 100 10
G2-T2.5-F5-A1.0 600 2.5 235 600 1.12 200 12.5 100 10
G2-T3.0-F2-A1.0 600 3.0 198 600 1.10 200 6.0 100 10
G2-T3.0-F3-A1.0 600 3.0 197 600 1.11 200 9.0 100 10
G2-T3.0-F4-A1.0 600 3.0 196 600 1.12 200 12.0 100 10
G2-T3.0-F5-A1.0 600 3.0 195 600 1.12 200 15.0 100 10
G2-T6.0-F2-A1.0 600 6.0 98 600 1.12 200 12.0 100 10
G2-T6.0-F3-A1.0 600 6.0 97 600 1.13 200 18.0 100 10
G2-T6.0-F4-A1.0 600 6.0 96 600 1.14 200 24.0 100 10
G2-T6.0-F5-A1.0 600 6.0 95 600 1.15 200 30.0 100 10
G2-T1.5-F2-A2.0 600 1.5 398 1200 | 2.19 200 3.0 100 10
G2-T1.5-F3-A2.0 600 1.5 397 1200 | 2.20 200 4.5 100 10
G2-T1.5-F4-A2.0 600 1.5 396 1200 | 2.21 200 6.0 100 10
G2-T1.5-F5-A2.0 600 1.5 395 1200 | 2.21 200 7.5 100 10
G2-T2.0-F2-A2.0 600 2.0 298 1200 | 2.20 200 4.0 100 10
G2-T2.0-F3-A2.0 600 2.0 297 1200 | 2.21 200 6.0 100 10
G2-T2.0-F4-A2.0 600 2.0 296 1200 | 2.21 200 8.0 100 10
G2-T2.0-F5-A2.0 600 2.0 295 1200 | 2.22 200 10.0 100 10
G2-T2.5-F2-A2.0 600 2.5 238 1200 | 2.20 200 5.0 100 10
G2-T2.5-F3-A2.0 600 2.5 237 1200 | 2.21 200 7.5 100 10
G2-T2.5-F4-A2.0 600 2.5 236 1200 | 2.22 200 10.0 100 10
G2-T2.5-F5-A2.0 600 2.5 235 1200 | 2.23 200 12.5 100 10
G2-T3.0-F2-A2.0 600 3.0 198 1200 | 2.21 200 6.0 100 10
G2-T3.0-F3-A2.0 600 3.0 197 1200 | 2.22 200 9.0 100 10
G2-T3.0-F4-A2.0 600 3.0 196 1200 | 2.23 200 12.0 100 10
G2-T3.0-F5-A2.0 600 3.0 195 1200 | 2.24 200 15.0 100 10
G2-T6.0-F2-A2.0 600 6.0 98 1200 | 2.23 200 12.0 100 10
G2-T6.0-F3-A2.0 600 6.0 97 1200 | 2.26 200 18.0 100 10
G2-T6.0-F4-A2.0 600 6.0 96 1200 | 2.28 200 24.0 100 10
G2-T6.0-F5-A2.0 600 6.0 95 1200 | 2.31 200 30.0 100 10
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Table 5. Cross-section Dimensions of Parametric Study for Group 3

Web Space Flange Stiffener
Specimen

d, tw I/t a a/b,, by ty by t

(mm) | (mm) (mm) (mm) | (mm) | (mm) | (mm)
G3-T2.0-S2-A0.5 | 600 2.0 295 300 | 0.56 | 200 10 100 4.0
G3-T2.0-S3-A0.5 | 600 2.0 295 300 | 0.56 | 200 10 100 6.0
G3-T2.0-S4-A0.5 | 600 2.0 295 300 | 0.56 | 200 10 100 8.0
G3-T2.0-S5-A0.5 | 600 2.0 295 300 | 0.56 | 200 10 100 10.0
G3-T2.5-S2-A0.5 | 600 2.5 236 | 300 | 0.56 | 200 10 100 5.0
G3-T2.5-S3-A0.5 | 600 2.5 236 | 300 | 0.56 | 200 10 100 7.5
G3-T2.5-S4-A0.5 | 600 2.5 236 | 300 | 0.56 | 200 10 100 10.0
G3-T2.5-S5-A0.5 | 600 2.5 236 | 300 | 0.56 | 200 10 100 12.5
G3-T3.0-S2-A0.5 | 600 3.0 197 | 300 | 0.56 | 200 10 100 6.0
G3-T3.0-S3-A0.5 | 600 3.0 197 | 300 | 0.56 | 200 10 100 9.0
G3-T3.0-S4-A0.5 | 600 3.0 197 | 300 | 0.56 | 200 10 100 12.0
G3-T3.0-S5-A0.5 | 600 3.0 197 | 300 | 0.56 | 200 10 100 15.0
G3-T6.0-S2-A0.5 | 600 6.0 98 300 | 0.56 | 200 10 100 12.0
G3-T6.0-S3-A0.5 | 600 6.0 98 300 | 0.56 | 200 10 100 18.0
G3-T6.0-S4-A0.5 | 600 6.0 98 300 | 0.56 | 200 10 100 24.0
G3-T6.0-S5-A0.5 | 600 6.0 98 300 | 0.56 | 200 10 100 30.0
G3-T1.5-S2-A1.0 | 600 1.5 393 600 | 1.11 | 200 10 100 3.0
G3-T1.5-S3-A1.0 | 600 1.5 393 600 | 1.11 | 200 10 100 4.5
G3-T1.5-S4-A1.0 | 600 1.5 393 600 | 1.11 | 200 10 100 6.0
G3-T1.5-S5-A1.0 | 600 1.5 393 600 | 1.11 | 200 10 100 7.5
G3-T2.0-S2-A1.0 | 600 2.0 295 600 | 1.11 | 200 10 100 4.0
G3-T2.0-S3-A1.0 | 600 2.0 295 600 | 1.11 | 200 10 100 6.0
G3-T2.0-S4-A1.0 | 600 2.0 295 600 | 1.11 | 200 10 100 8.0
G3-T2.0-S5-A1.0 | 600 2.0 295 600 | 1.11 | 200 10 100 10.0
G3-T2.5-S2-A1.0 | 600 2.5 236 | 600 | 1.11 | 200 10 100 5.0
G3-T2.5-S3-A1.0 | 600 2.5 236 | 600 | 1.11 | 200 10 100 7.5
G3-T2.5-S4-A1.0 | 600 2.5 236 | 600 | 1.11 | 200 10 100 10.0
G3-T2.5-S5-A1.0 | 600 2.5 236 | 600 | 1.11 | 200 10 100 12.5
G3-T3.0-S2-A1.0 | 600 3.0 197 | 600 | 1.11 | 200 10 100 6.0
G3-T3.0-S3-A1.0 | 600 3.0 197 | 600 | 1.11 | 200 10 100 9.0
G3-T3.0-S4-A1.0 | 600 3.0 197 | 600 | 1.11 | 200 10 100 12.0
G3-T3.0-S5-A1.0 | 600 3.0 197 | 600 | 1.11 | 200 10 100 15.0
G3-T6.0-S2-A1.0 | 600 6.0 98 600 | 1.11 | 200 10 100 12.0
G3-T6.0-S3-A1.0 | 600 6.0 98 600 | 1.11 | 200 10 100 18.0
G3-T6.0-S4-A1.0 | 600 6.0 98 600 | 1.11 | 200 10 100 24.0
G3-T6.0-S5-A1.0 | 600 6.0 98 600 | 1.11 | 200 10 100 30.0
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Table 6. Cross-section Dimensions of Parametric Study for Group 4

Web Space Flange Stiffener
Specimen

d, tw I/t a a/b,, by ty by t
(mm) | (mm) (mm) (mm) | (mm) | (mm) | (mm)
G4-T1.5 600 1.5 393 600 | 1.11 | 200 10 50 10
G4-T2.0 600 2.0 295 600 | 1.11 | 200 10 50 10
G4-T2.5 600 2.5 236 | 600 | 1.11 | 200 10 50 10
G4-T3.0 600 3.0 197 | 600 | 1.11 | 200 10 50 10
G4-T4.0 600 4.0 148 600 | 1.11 | 200 10 50 10
G4-T6.0 600 6.0 98 600 | 1.11 | 200 10 50 10
G4-T12.0 600 12.0 49 600 | 1.11 | 200 10 50 10

6. DISCUSSION

The web slenderness (4,/t,) has significant effect on the shear resistance of aluminum alloy plate
girder, as shown in Figure 5, where the vertical axis of the graph shows the normalized shear

resistance ( p=V/ (twhw f./ V3 ) ) and the horizontal axis of the graph shows the web slenderness

(hwty). Five different aspect ratios (a/b,,) of 0.56, 1.11, 2.22, 3.33 and 4.44 are considered. It is
shown that the normalized shear resistance decreases as the web slenderness increases.

It is known that when the web is in the post-buckling range, a load-carrying mechanism is
developed, whereby any additional shear load is carried by an inclined tensile membrane stress
field. This tensile field anchors against the top and bottom flanges and against the transverse
stiffener on either side of the web panel. Hence, the effects of the bending rigidity of the flanges
and the non-rigid end post are also investigated in this study. Figures 6 and 7 show the effect of the
bending rigidity of the flanges on the shear resistance of aluminum alloy plate girders for the case
of the aspect ratios a/b,, = 1.11 and 2.22, respectively. It is shown that the bending rigidity of the
flanges has significant effect on the shear resistance of aluminum alloy plate girder.

In order to study the effect of the non-rigid end post, the shear resistances of some aluminum alloy
plate girders with different dimensions of non-rigid end post were calculated. Figures 8 and 9 show
the effect of the non-rigid end post on the shear resistance of aluminum alloy plate girders for the
case of the aspect ratios a/b,, = 0.56 and 1.11, respectively. The ratio of shear resistance of
aluminum plate girders with half width of stiffeners to that of aluminum alloy plate girders with full
width of stiffeners (V(0.5bs)/V(bs)) against the web slenderness (4,/1,,) is plotted in Figure 10. It is
shown that the non-rigid end post has significant effect on the shear resistance of aluminum alloy
plate girder.



82

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

1.0
0.9
0.8
0.7
0.6
X 0.5
0.4
0.3
0.2
0.1
0.0

Figure 6. The Effect of Bending Rigidity of the Flange (Aspect Ratio a/b,, = 1.11)

Welded Aluminum Alloy Plate Girders Subjected to Shear Force

-\'\H‘-\.

\

—&— ab, =0.56
—m— ahb, =1.11
—— a/b, =2.22

a/b, =3.33
—o— /b, =444

100

Figure 5. The Effect of Web Slenderness

200
how/tw

300

400

—— 1, = 1.5mm
-1, = 2.0mm
—A— v =2.5mm
X~ by =3.0mm

—&—f, =6.0mm

X
X
2

ti/tw

(9]

500



Feng Zhou, Ben Young and Hin-Chung Lam

1.0
09 T
0.8 T
0.7 T
0.6 T ./-/'/.

QLOS X

i -1, = 1.5mm NG X
04 F| ot —pom >://o/‘
03

—A—lv =2.5mm

02 | %ty =3.0mm
0.1 r|®%4 =6.0mm
0.0 ' ' ' ' '
0 1 2 3 4 5 6

tf/tw

Figure 7. The Effect of Bending Rigidity of the Flange (Aspect Ratio a/b,, =2.22)

1.0
0.9 F _/-/'/.
0.8
0.7 | v
0.6 | %

Q05
04

03
02 r X fw=3.0mm

- 1, =2.0mm

—A— {, = 2.5mm

0.1 +| ™ t, =6.0mm

0.0 | | | | |

ts/tw

Figure 8. The Effect of Non-rigid End Post (Aspect Ratio a/b,, = 0.56)



84

1.0
0.9
0.8
0.7
0.6
X 0.5
0.4
0.3
0.2
0.1
0.0

1.2

1.1

1.0

0.9

V(0.5bs) / V(bs)

0.8

0.7

0.6

Welded Aluminum Alloy Plate Girders Subjected to Shear Force

L X
—— 1y =1.5mm| X
—0— Ly, =2.0mm
| | —A— L =2.5mm
T | X Ly =3.0mm
- | f, =6.0mm
0 1 2 3 5 6
ts/tw
Figure 9. The Effect of Non-rigid End Post (Aspect Ratio a/b,, = 1.11)
0 100 200 300 400 500
R/t

Figure 10. Comparison of Shear Strengths with Different Widths of Non-rigid End Post

(Aspect Ratio a/b,, = 1.11)



Feng Zhou, Ben Young and Hin-Chung Lam 85

7. DESIGN RULES

The current EC9 Code [12] and AA Specification [13] are used to predict the shear resistance of
aluminum alloy plate girders. It should be noted that the end posts consisting of a single plate is
belonged to the non-rigid end post. In EC9 Code, the shear design resistance Vgc of aluminum alloy
plate girder with web stiffeners is the sum of the contribution V), zc of the web and Vygc of the
flanges.

Vie = Vw,EC + Vf,EC (D

where V,, gc includes partial tension field action in the web according to Eqs. 2 — 5 and Vjgc is an
increase of the tension field caused by local bending resistance of the flanges according to Eqs. 6 —
7.

Vw,EC = pvtwhw

S
3 2

NG

where p, is a factor for shear buckling obtained from the Table 7, ¢, is the web thickness, #,, is the
web depth between flanges and f,, is the tensile yield stress of the web material. The slenderness
parameter A, is defined as:

_081b, |/,
ﬂw_\/ZtW\/; ®)

where

k., =5.34+4.00(b,/a)’  whena/b,>1 (4)

k. =4.00+534(b,/a)  whenakb,<1 (5)

in which, b,, is the depth of straight portion of a web excluding the welds, a is the distance between
transverse stiffeners and £ is the Young’s modulus of the aluminum alloy material.

If the flange resistance is not completely utilized in withstanding the bending moment, then the
shear resistance contribution Vgc from the flanges may be included in the shear buckling resistance
as follows:

2

bt:f,

V, o= il | M ©)
' c M, 45

where by is the flange width, #ris the flange thickness, f; is the yield stress of the flange material,
Mg, 1s the design bending moment and Myps is the design moment resistance of a cross-section
considering the flanges only.

4.4b t*
c= {o.omﬂj (7)
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In AA Specification, the shear design stress (f;.4.) of stiffened flat elements supported on both edges
is defined as follows:

foua =103 for a,/t, < Sy )

foai= 1.375[BS ~1.25D, “7} for Si < au/t, < S )
2

Soad = L3757 E for S, < a./t, (10)

(1.25a,/t)’

a;

where, a, = , a is shorter dimension of rectangular panel, a, is longer dimension
J1+0.7(a, /a, )
S
of rectangular panel, S, :1,—375\/3 and S, = a./t, at the intersection of Eqgs. 9 and 10. The

1.25D,
term B, and D; are defined in the AA Specification as:

B = 1+£—wa/\/§] (an

S
SRNEY 17.7

1/2
D, = B (B, (12)
S 10\ E
Table 7. Factor p, for Shear Buckling
BS EN 1999-1-1 Proposed
Range of Ay, Non-rigid end post Range of Ay, Non-rigid end post
Aw<0.83/m n Aw<0.83/m n
0.83/m < Aw<0.937 0.83/Aw 0.83/M <Aw<23 0.72/ A
0.937 <Ay 0.83/Aw 23 <Ay 1.8/(3.4+\y)

n = 0.7 + 0.35f.w/fow but not more than 1.2 where f,, is the ultimate strength of the web material
and f,y 1s the strength for overall yielding.

8. RELIABILITY ANALYSIS

The reliability of the design rules for aluminum alloy plate girders subject to shear force is
evaluated using reliability analysis. The reliability index (f) is a relative measure of the safety of
the design. A target reliability index of 2.5 for aluminum alloy plate girders is recommended as a
lower limit in the AA Specification [13]. The design rules are considered to be reliable if the
reliability index is greater than 2.5. The resistance (capacity) factor (¢,;) for shear resistance as
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recommended by the current EC9 Code [12] and AA Specification [13] are shown in Tables 8 — 11.
The load combinations of 1.35DL + 1.5LL and 1.2DL + 1.6LL as specified in the European Code
and the American Society of Civil Engineers Standard [14], respectively, were used in the
reliability analysis, where DL is the dead load and LL is the live load. The statistical parameters are
obtained from the AA Specification for aluminum alloy plate girders subjected to shear force,
where M,, = 1.10, F,, = 1.00, V3, = 0.06, and V= 0.05, which are the mean values and coefficients
of variation for material properties and fabrication factors. The statistical parameters U,, and Up are
the mean value and coefficient of variation of load ratio, respectively, as shown in Tables 8 — 11. In
calculating the reliability index, the correction factor in the AA Specification was used. The
respective resistance factor (¢4,;) and load combinations for the current EC9 Code and AA
Specification were used to calculate the corresponding reliability index (f;). For the purpose of
direct comparison, a constant resistant factor (¢,,) of 0.8 and a load combination of 1.2DL + 1.6LL
as specified in the AA Specification were used to calculate the reliability index (f,) for the EC9
Code and AA Specification, as shown in Tables 8—11. Reliability analysis is detailed in the AA
Specification [13].

9. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS WITH
CURRENT DESIGN STRENGTHS

The shear ultimate loads (Vgy,) obtained from the tests and the shear strengths (Vrz4) predicted by
the finite element analysis were compared with the nominal shear resistances predicted using the
EC9 Code [12] and AA Specification [13]. Tables 8 — 11 show the comparison of the test results
(VExp) and the shear strengths (Vrg4) predicted by the FEA with the unfactored design strengths. The
design strengths were calculated using the measured cross-section dimensions of each specimen
and the measured material properties.

The design strengths predicted by the EC9 Code are generally conservative but not reliable, except
for Group 2 where the mean value of the load ratio V/Vgc is 1.38 with the corresponding coefficient
of variation (COV) of 0.181 and the reliability index £; = 3.06 and £, = 3.62, as shown in Table 9.
For AA Specification, the design strengths are generally very conservative. The maximum mean
value of the load ratio V7V, is 4.11 with the corresponding COV of 0.642 and the reliability indices
(f1 and ) of 3.05, as shown in Table 9.

10. MODIFIED DESIGN METHOD

Modifications on the design rules of EC9 Code are made for the design of aluminum alloy plate
girder with end posts consisting of a single plate. The only modification to the shear design
resistance equation is the term related to the contribution V), of the web. The modified shear design
resistance Vp of aluminum alloy plate girder with web stiffeners is defined as:

Vo=V, p+ V_/‘,P (13)

S
NE]

comparison of shear buckling factor p, predicted by the current EC9 Code and modified design
method is shown in Figure 11. It should be noted that the contribution V;p of the flanges remains
the same and it is defined in Eqs 6 — 7. The modified design method was calibrated against the
experimental and numerical results.

where, V, ,=p,t, h,~and the modified factor p, for shear buckling is shown in Table 7. The
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Table 8. Comparison of Experimental and Numerical Results with Design Strengths (Group 1)

Measured T?Eild Design Comparison
Specimen 4 b, VE;Z ;nd Vee Ve Vo Ve VW VIV,
(kN) &N) (&N) (kN)

Test 1-7020 191  1.13  157.0  133.1 583 140.1 1.18 2.69 1.12
Test 11-7020 190 1.14 1185 1345 583 1414  0.88 2.03 0.84
Test 111-7020 190 1.14 152.0 1319 583 1388 1.15 2.61 1.10
Test IV-7020 191  1.13 1568 133.1 583  140.1 1.18 2.69 1.12
Test [-6082 190 1.13  119.0 112.1 595 1114  1.06 2.00 1.07
Test 11-6082 189 1.13 84.5 1144 595 1136 074 1.42 0.74
Test 111-6082 189  1.13 1135 1126 59.6  111.8 1.01 1.90 1.02

Test IV-6082 190 1.13 134.5 1104 593  109.8 1.22 2.27 1.22
GI1-T1.5-A0.5 393 0.56 81.8 85.5 16.3 89.3 0.96 5.01 0.92
G1-T1.5-A1.0 393 1.11 66.8 46.2 6.5 52.8 1.45 10.28 1.27
G1-T1.5-A2.0 393 222 52.8 28.8 4.7 35.6 1.83 11.15 1.48
G1-T1.5-A3.0 393 333 34.8 23.6 4.4 30.5 1.47 7.89 1.14
G1-T1.5-A4.0 393 4.44 294 21.0 43 279 1.40 6.85 1.06
G1-T2.0-A0.5 295  0.56 109.4 1193  38.7 1183 0.92 2.82 0.92
G1-T2.0-A1.0 295 1.11 89.6 65.6 15.4 72.6 1.37 5.82 1.23
G1-T2.0-A2.0 295 222 71.9 42.7 11.2 51.0 1.68 6.41 1.41
G1-T2.0-A3.0 295 333 49.7 36.3 10.5 44.8 1.37 4.76 1.11
G1-T2.0-A4.0 295 444 43.7 329 10.2 41.5 1.33 4.29 1.05
GI1-T2.5-A0.5 236 0.56 145.8 156.8 113.0 146.6 0.93 1.29 0.99
G1-T2.5-A1.0 236  1.11 1133 87.5 30.1 92.7 1.29 3.77 1.22
G1-T2.5-A2.0 236 2.22 90.1 59.1 21.9 67.2 1.52 4.11 1.34
G1-T2.5-A3.0 236  3.33 66.8 513 20.4 59.9 1.30 3.27 1.12
G1-T2.5-A4.0 236 4.44 56.4 47.4 19.9 56.2 1.19 2.84 1.00
G1-T3.0-A0.5 197  0.56 180.9 198.6 1873 183.9 0.91 0.97 0.98
G1-T3.0-A1.0 197  1.11 136.6 1123 52.0 112.8 1.22 2.63 1.21
G1-T3.0-A2.0 197  2.22 110.4 77.8 37.9 83.6 1.42 291 1.32
G1-T3.0-A3.0 197 3.33 86.2 68.4 353 75.2 1.26 2.44 1.15
G1-T3.0-A4.0 197 4.44 79.8 63.2 344 70.3 1.26 2.32 1.13
G1-T4.0-A0.5 148 056 2543 295.8 334.0 269.6 0.86 0.76 0.94
G1-T4.0-A1.0 148 1.11 190.7 170.1 184.5 153.5 1.12 1.03 1.24
G1-T4.0-A2.0 148 222 157.3 121.7 1142 1155 1.29 1.38 1.36
G1-T4.0-A3.0 148  3.33 134.9 107.9  96.7 104.0 1.25 1.39 1.30
G1-T4.0-A4.0 148 4.44 124.0 1009  90.2 97.8 1.23 1.38 1.27
G1-T6.0-A0.5 98 0.56 4227 547.0 5009 488.0 0.77 0.84 0.87
G1-T6.0-A1.0 98 1.11 3234 317.7 481.7 280.3 1.02 0.67 1.15
G1-T6.0-A2.0 98 222 265.1 239.0 4114 2074 1.11 0.64 1.28
G1-T6.0-A3.0 98 333 202.0%

G1-T6.0-A4.0 98 444  152.7*
G1-T12.0-A0.5 49  0.56 637.4*
G1-T12.0-A1.0 49 1.11  586.0%
G1-T12.0-A2.0 49 222 372.3%
G1-T12.0-A3.0 49 333 349.7*
G1-T12.0-A4.0 49 444 239.9*

Mean, U,,  1.20 3.26 1.13
COoV,U, 0204 0.790 0.148
Reliability index, ;  2.44 2.25 3.16
Resistance factor, ¢,  0.91 0.80 0.80
Reliability index, B,  2.98 2.25 3.16
Resistance factor, ¢,,  0.80 0.80 0.80
Note: * Failed by bending, hence not compared with the shear design resistance.
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Table 9. Comparison of Numerical Results with Design Strengths (Group 2)

Test
Measured and Design Comparison
FEA
Specimen W Vi and
w'ly a/l bw VFEA VEC VA A Vp v/ VEC v/ VA A v/ Vp
&N) &N) (&N) (kN)

G2-T1.5-F2-A1.0 398 1.10 40.2 24.7 6.5 31.4 1.63 6.21 1.28
G2-T1.5-F3-A1.0 397 1.10 47.4 30.9 6.5 37.6 1.54 7.32 1.26
G2-T1.5-F4-A1.0 396 1.10 55.4 36.4 6.5 43.1 1.52 8.55 1.29
G2-T1.5-F5-A1.0 395 1.11 63.8 40.9 6.5 47.5 1.56 9.83 1.34
G2-T2.0-F2-A1.0 298 1.10 60.7 42.9 153  50.1 1.42 3.96 1.21
G2-T2.0-F3-A1.0 297 1.10 71.5 52.2 154 593 1.37 4.65 1.21
G2-T2.0-F4-A1.0 296 1.11 83.5 59.8 154  66.9 1.40 5.43 1.25
G2-T2.0-F5-A1.0 295 1.11 89.6 65.6 154  72.6 1.37 5.82 1.23
G2-T2.5-F2-A1.0 238 1.10 84.8 65.6 30.0 709 1.29 2.83 1.20
G2-T2.5-F3-A1.0 237 1.11 99.1 78.0  30.0 833 1.27 3.30 1.19
G2-T2.5-F4-A1.0 236 1.11 113.3 87.5 301 927 1.29 3.77 1.22
G2-T2.5-F5-A1.0 235 1.12 122.0 943 30.1 994 1.29 4.05 1.23
G2-T3.0-F2-A1.0 198 1.10 112.5 924 519 931 1.22 2.17 1.21
G2-T3.0-F3-A1.0 197 1.11 129.6  108.1 52.0 108.6 1.20 2.49 1.19
G2-T3.0-F4-A1.0 196 1.12 1417 119.6 52.1 1199 1.19 2.72 1.18
G2-T3.0-F5-A1.0 195 1.12 149.7 127.1 522 1274 1.18 2.87 1.18
G2-T6.0-F2-A1.0 98 1.12 327.8 3351 481.0 2977 0098 0.68 1.10
G2-T6.0-F3-A1.0 97 1.13 337.7 3723 479.0 3350 0091 0.70 1.01
G2-T6.0-F4-A1.0 96 1.14 3529 3914 4770 3542 0.90 0.74 1.00
G2-T6.0-F5-A1.0 95 1.15 3733 4004 4749 3634 093 0.79 1.03
G2-T1.5-F2-A2.0 398 2.19 32.9 18.0 4.7 249 1.83 7.02 1.32
G2-T1.5-F3-A2.0 397 2.20 37.1 21.1 4.7 28.0 1.76 7.90 1.33
G2-T1.5-F4-A2.0 396 2.21 41.9 23.9 4.7 30.7 1.76 8.90 1.36
G2-T1.5-F5-A2.0 395 221 46.9 26.1 4.7 33.0 1.80 9.94 1.42
G2-T2.0-F2-A2.0 298 2.20 50.9 31.2 1.1 39.6 1.63 4.58 1.28
G2-T2.0-F3-A2.0 297 2.21 57.6 359 11.2 443 1.60 5.16 1.30
G2-T2.0-F4-A2.0 296 221 64.7 39.8 11.2 482 1.63 5.78 1.34
G2-T2.0-F5-A2.0 295 222 71.9 42.7 11.2  51.0 1.68 6.41 1.41
G2-T2.5-F2-A2.0 238 2.20 71.6 477 21.8 559 1.50 3.29 1.28
G2-T2.5-F3-A2.0 237 2.21 81.0 541 21.8 623 1.50 3.71 1.30
G2-T2.5-F4-A2.0 236 2.22 90.1 59.1 219 672 1.52 4.11 1.34
G2-T2.5-F5-A2.0 235 2.23 96.8 62.7 22.0 70.8 1.54 4.40 1.37
G2-T3.0-F2-A2.0 198 2.21 94.7 672 376 732 1.41 2.52 1.29
G2-T3.0-F3-A2.0 197 222 1069 755 378 813 1.42 2.83 1.31
G2-T3.0-F4-A2.0 196 223 1157 81.8 38.0 874 1.42 3.04 1.32
G2-T3.0-F5-A2.0 195 224 121.7 86.1 382  91.6 1.41 3.19 1.33
G2-T6.0-F2-A2.0 98 223 2777 2432 411.6 2115 1.14 0.67 1.31
G2-T6.0-F3-A2.0 97 226 2959 2682 412.0 236.6 1.10 0.72 1.25
G2-T6.0-F4-A2.0 96 228 3069 2832 4123 251.6 1.08 0.74 1.22
G2-T6.0-F5-A2.0 95 231 319.6 291.1 4126 2595 1.10 0.77 1.23
Mean, U,,  1.38 4.11 1.25
Cov,U, 0.181 0.642 0.078
Reliability index, B;  3.06 3.05 4.05
Resistance factor, ¢,;  0.91 0.80 0.80
Reliability index, B,  3.62 3.05 4.05
Resistance factor, ¢,  0.80 0.80 0.80
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Table 10. Comparison of Numerical Results with Design Strengths (Group 3)

Welded Aluminum Alloy Plate Girders Subjected to Shear Force

Test
Measured  and Design Comparison

FEA

Specimen Ve
hy/t, a/by, and Vic Viu Vp VIVee  V/Vau v/ Vp

VrEa

(kKN)  (kKN)  (kN) (kN)

G3-T2.0-S2-A0.5 295 0.56 80.6 119.7 387 118.7 0.67 2.08 0.68
G3-T2.0-S3-A0.5 295 0.56 932 119.6 387 1186 0.78 241 0.79
G3-T2.0-S4-A0.5 295 0.56 106.8 1194 387 1184 089 276 0.90
G3-T2.0-S5-A0.5 295 0.56 1094 1193 387 1183 092 282 0.92
G3-T2.5-S2-A0.5 236 0.56 112.8 157.6 113.0 1473 0.72 1.00 0.77
G3-T2.5-S3-A0.5 236 0.56 1293 1572 113.0 147.0 082 1.14 0.88
G3-T2.5-S4-A0.5 236 0.56 1458 156.8 113.0 146.6 093 129 0.99
G3-T2.5-S5-A0.5 236 0.56 1562 156.6 113.0 1463 1.00 138 1.07
G3-T3.0-S2-A0.5 197 0.56 1494 199.6 1873 1849 0.75 0.80 0.81
G3-T3.0-S3-A0.5 197 0.56 1689 199.0 1873 1843 085 090 0.92
G3-T3.0-S4-A0.5 197 0.56 1833 1985 1873 183.8 092 098 1.00
G3-T3.0-S5-A0.5 197 0.56 1920 1982 1873 1835 097 1.03 1.05
G3-T6.0-S2-A0.5 98 0.56 432.0 5459 5009 487.0 0.79 086 0.89
G3-T6.0-S3-A0.5 98 0.56 443.6 544.6 5009 4856 081 089 091
G3-T6.0-S4-A0.5 98 0.56 454.6 5433 5009 4843 084 091 0.94
G3-T6.0-S5-A0.5 98 0.56 472.6 541.1 5009 4822 087 094 0.98
G3-T1.5-S2-A1.0 393 1.11 414 465 65 531 089 637 0.78
G3-T1.5-S3-A1.0 393 1.11 492 464 65 530 106 757 0.93
G3-T1.5-S4-A1.0 393 1.11 574 463 65 529 124 883 1.08
G3-T1.5-S5-A1.0 393 1.11 655 462 65 528 142 10.08 1.24
G3-T2.0-S2-A1.0 295 1.11 61.7 662 154 733 093 401 0.84
G3-T2.0-S3-A1.0 295 1.11 731 66.0 154 730 1.11 475 1.00
G3-T2.0-S4-A1.0 295 1.11 849 657 154 728 129 551 1.17
G3-T2.0-S5-A1.0 295 1.11 &89.6 656 154 726 137 582 1.23
G3-T2.5-S2-A1.0 236 1.11 856 885 30.1 936 097 284 0091
G3-T2.5-S3-A1.0 236 1.11 1003 88.0 30.1 932 1.14 333 1.08
G3-T2.5-S4-A1.0 236 1.11 1133 875 30.1 927 129 377 122
G3-T2.5-S5-A1.0 236 1.11 1198 873 30.1 925 137 398 1.30
G3-T3.0-S2-A1.0 197 1.11 113.1 1134 520 1139 1.00 2.18 0.99
G3-T3.0-S3-A1.0 197 1.11 1302 112.6 52.0 113.1 1.16 250 1.15
G3-T3.0-S4-A1.0 197 1.11 140.0 112.1 52.0 1126 125 2.69 1.24
G3-T3.0-S5-A1.0 197 1.11 1455 111.8 52.0 1123 130 280 1.30
G3-T6.0-S2-A1.0 98 1.11 327.1 317.1 481.7 279.7 1.03 0.68 1.17
G3-T6.0-S3-A1.0 98 1.11 3348 3158 481.7 2784 1.06 0.70 1.20
G3-T6.0-S4-A1.0 98 1.11 3433 3143 481.7 2769 1.09 0.71 1.24
G3-T6.0-S5-A1.0 98 1.11 3545 3122 481.7 2748 114 074 1.29
Mean, U,, 099 296 1.02
Cov, U, 0210 0.791 0.169
Reliability index, B; 1.80  2.13  2.67
Resistance factor, ¢, 091  0.80  0.80
Reliability index, B, 2.47 213 2.67
Resistance factor, ¢, 0.80  0.80  0.80
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Table 11. Comparison of Numerical Results with Design Strengths (Group 4)

Test
Measured and Design Comparison
FEA
Specimen Ve
hy/t, a/b, and Vee Va4 Vp ViVee V/Vaa  V/ Vp
VEEA
kN) (kN) (kN) (kN)
G4-T1.5 393 1.11 625 46.2 6.5 52.8 135 962 1.18
G4-T2.0 295 1.11 825 658 154 729 125 536 1.13
G4-T2.5 236 1.11 1024 88.1 30.1 933 1.16 340 1.10
G4-T3.0 197 1.11 1215 1132 520 113.6 1.07 234 1.07
G4-T4.0 148 1.11 1682 171.6 184.5 1459 098 0.91 1.15
G4-T6.0 98 1.11 280.6 321.1 481.7 2633 086 0.58 1.07
G4-T12.0 49 111 556.4"

Mean, U,, 1.11 3.70 1.12

COoV, U, 0.161 0.914 0.042

Reliability index, ; 227 155  3.66
Resistance factor, ¢,, 091  0.80  0.80
Reliability index, B, 2.67 155  3.66
Resistance factor, ¢, 0.80 0.80  0.80

Note: * Failed by bending, hence not compared with the shear design resistance.

11. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS WITH
PROPOSED DESIGN STRENGTHS

The unfactored shear design resistances (V) calculated using the modified design method were
compared with the test results (V) and the shear strengths (Vrz4) predicted by the FEA. The
proposed design strengths were calculated using the measured cross-section dimensions and
measured material properties. The resistance facto ¢, = 0.8 was obtained from the reliability
analysis. The load combination of 1.2DL + 1.6LL was used to determine the reliability indices (£

and f»).

The proposed design strengths are generally conservative and reliable. The maximum mean value
of the load ratio is 1.25 with the corresponding COV of 0.078 and the value of g, = £, = 4.05 for
the Group 2, as shown in Table 9. The minimum mean value of the load ratio is 1.02 with the
corresponding COV of 0.169 and the value of 1 = > =2.67 for the Group 3, as shown in Table 10.
The reliability indices ((f1 and f, ) are greater than the target value for all specimens. It is shown
that the proposed design method provides more accurate and reliable predictions than the current
design rules for aluminum alloy plate girders subjected to shear force.
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Figure 11. Factor p , for Shear Buckling

12. CONCLUSIONS

Numerical investigation of welded aluminum alloy plate girders with end posts having a single
plate subjected to shear force has been presented in this paper. A finite element model including
geometric and material non-linearities has been developed and verified against experimental results.
The heat affected zone (HAZ) softening due to welding of the aluminum alloy is also considered in
the finite element model. The finite element model closely predicted the shear behaviour of
aluminum alloy plate girders compared with the test results. Hence, parametric study was carried
out to study the effects of cross-section geometries on the shear resistance of aluminum alloy plate
girders with non-rigid end post.

The appropriateness of the shear resistance design rules in the current European Code and
American Specification for aluminum structures has been examined. The test results and the shear
resistance predicted by the finite element analysis were compared with the design strengths
obtained using the current European Code and American Specification for aluminum structures. It
is shown that the design strengths predicted by the European Code are generally conservative but
not reliable. The design strengths predicted by the American Specification are generally very
conservative. Therefore, a design method for shear resistance of aluminum alloy plate girders has
been proposed by small modifications to the design rules in the current European Code. It is shown
that the proposed design strengths are generally conservative and reliable. It is also shown that the
proposed design method provides more accurate and reliable predictions than the current design
rules in the European Code and American Specification for welded aluminum alloy plate girders
subjected to shear force.
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NOTATION

The following symbols are used in this paper:

a = distance between transverse stiffener;

by = flange width;

by = stiffener width;

by, = depth of straight portion of a web excluding welds;
COV = coefficient of variation;

d, = web depth measured between the mid-lines of the flanges;
E = Young’s modulus of the material;
Sfaw = ultimate strength of the web material;
Sow = strength for overall yielding;
fr = 0.2% proof stress of the flange material;

F, = mean value of fabrication factor;
fs = 0.2% proof stress of the stiffener material;
§y = shear design stress obtained using the AA Specification;
S = 0.2% proof stress of the web material;

hyy = web depth measured between the flanges;

Mgy = design bending moment;

M;ps = design moment resistance of a cross section considering the flange only;
M, = mean value of material factor;

tr = flange thickness;

ts = stiffener thickness;

tw = web thickness;

Uy, = mean value of load ratio;

U, = coefficient of variation of load ratio;

V4 = shear resistance obtained using the AA Specification;
Vec = shear resistance obtained using the EC9 Code;

Vexp = shear ultimate load obtained from the tests;

Vipa = shear resistance predicted by the finite element analysis;
Ve = coefficient of variation of fabrication factor;

Vi = coefficient of variation of material factor;

Vs = shear resistance obtained using the proposed design rules;
B = reliability index;

& = plastic true strain;

o = resistance factor;

v = Poisson ratio;

Py = factor for shear buckling;

Otrue = true stress;

Ao = slenderness parameter.
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