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Design of Perforated Thin-walled Steel Columns

ABSTRACT

The strength database from the parametric study presented in (Yao and Rasmussen 2014) was used to
evaluate an overall number of 19 design methods based on the DSM for non-perforated and perforated thin-
walled steel columns with the Ramberg-Osgood material model defined by n=20. These methods included the
current codified DSM, the design options proposed by Moen and Schafer (2011), the methods based on
simple modifications to these aforementioned methods, the methods considering buckling interactions (in

addition to LG interaction), and the methods based on regression analyses.

A concerted effort was made to compare the 19 DSM methods by presenting the detailed statistics of the
predictions for each section type and failure mode, as well as figures illustrating the corresponding simulation-
to-predicted ratios. This led to the best-performing method proposed for the design of perforated cold-formed
carbon steel columns. This method was based on modifying the Option 4 method proposed by Moen and
Schafer (2011) such that (i) DG interaction was included, (ii) P,

used, and (iii) a factor based on a regression analysis was added to improve the final design strength.

, and P_, . based on gross section were

The proposed method was based on a reliability analysis with a target reliability index of 2.5, carried out
on 60132 data points. A linear regression equation was taken to calculate the additional factor in the method.
Two sets of best-fit constants were proposed for the regression equation, one for general section types
including C, Z, Hat, Rack, and Stiffened C sections, the other for Stiffened C section only. When calculating
the design strength of a perforated column as per the proposed method, the major effort will be calculating the
elastic local and distortional buckling loads P, and P_, . based on the gross section (which can be
readily calculated by a SAFSM software such as THIN-WALL or CUFSM), and the elastic global buckling load

P. ., including the influence of hole(s).

C

KEYWORDS

Cold-formed, Thin-walled, Columns, Perforations, Design, Interactive buckling, Direct Strength Method, Reliability

analysis, Resistance factor
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Design of Perforated Thin-walled Steel Columns

1. Introduction

This report aims to evaluate the existing design methods and develop a new design approach for

predicting the strength of perforated thin-walled columns. The study was based on:

0] The numerous column data for five types of cross-section shapes (C, Z, Hat, Rack and Stiffened

C) obtained from the FE simulations in (Yao and Rasmussen 2014).

(i) The Direct Strength Method (DSM) included in the North American and Australian/New Zealand
standards for cold-formed steel design (AS/NZS:4600 2005; NAS 2007).

Although the parametric studies described in (Yao and Rasmussen 2014) were performed with Ramberg-
Osgood material models defined by n=5 and 20 (the C-section columns also considered n=10), only the data
related to n=20 were chosen for the evaluation and formulation of the design equations in this report. This is
because this study mainly concerns cold-formed carbon steel members, while the material models defined by
n=5 or n=10 are more related to stainless steel. Future research is planned to include these data in design

formulations.

An overall total of 19 different design methods based on the DSM were explored. Their descriptions are
tabulated in Table 1 which also includes the method identification number and the database used to evaluate

the method.

The main body of this report provides the tabulated statistics of the predictions using each design
method, along with figures plotting the simulation-to-predicted ratios for all the members considered, which
are classified according to either the failure mode or section type. The detailed simulation-to-predicted ratios
for each section type with classified failure modes are provided in the appendices to this report. It should be
noted that the classification of failure modes was performed visually, hence it was approximate and subject to

the judgement of the author.

2. Review of existing DSM design practices

2.1. Design strength by AS/NZS 4600 DSM

As an alternative to the traditional Effective Width Method, the DSM was first adopted in Appendix | of the
North American Specifications (NAS) (2004), and later in Section 7 of AS/NZS 4600 (2005) for the design of
non-perforated cold-formed steel columns and beams. The existing DSM is composed of equations for three

School of Civil Engineering Research Report R949 Page 6
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Design of Perforated Thin-walled Steel Columns

strength limit states, i.e. global buckling or yielding, local-global buckling interaction, and distortional buckling.

For completeness, the respective equations for the three limit states are stated as follows:

(i) The nominal axial strength, Pre, for flexural, torsional, or torsional-flexural buckling is

For A, <1.5: Pne=(0.658’13 ) P, (1)

P )

2 y

C

For A4, >1.5: PHEZ(OBJJ

where 4. =/P,/P, ... P,=AF,, P, ., =critical elastic global column buckling load based on A, , and

Ag =gross area of the cross-section.

(i) The nominal axial strength, P

nle?

for local buckling (including local-global buckling interaction) is

For 4, <0.776, P

nle

=P 3)

0.4 0.4
For 4, >0.776, P, = 1-0.15(%'-“*‘] (P?;"““] P. 4)

ne ne

where 4,=/P /P, , and P, . =critical elastic local column buckling load based on A, , and
P . =nominal axial strength for global buckling as defined in (1) and (2).

(iii) The nominal axial strength, P, for distortional buckling is

For 4, <0.561, P,=P, (5)

0.6 0.6
For 4, >0.561, P, = 1-0.25£ Pc;i—nh] [Pc;i-nh] P ©6)
y y

where A, =\/P,/P, 4., » Poqn, = critical elastic distortional column buckling load based on A, .

School of Civil Engineering Research Report R949 Page 7
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Table 1: Description of design methods explored in this report

DSM Simulation Description
Method Database
1 non-perforated, AS/NZS 4600 DSM
perforated, all

2 non-perforated, all | minimum of LG and DG interaction equations based on AS/NZS 4600 DSM

3 non-perforated minimum of LG, DG, and LD interaction equations based on AS/NZS 4600 DSM

4 non-perforated LDG interaction equation based on AS/NZS 4600 DSM

5 all Option 2 in (Moen and Schafer 2011), i.e. Pyn everywhere, Pcr (i.€. Per-1-h, Per-a-h, Per-e-n) includes the influence of holes
by the simplified methods in (Moen and Schafer 2009)

6 all Option 4 in (Moen and Schafer 2011), i.e. limit Pny to Pyn, transition Pnda to Pyn, Pcrincludes the influence of holes by the
simplified methods in (Moen and Schafer 2009)

7 all AS/NZS 4600 DSM with Py, everywhere and Pcr based on gross area (i.e. Pcr-1-nh, Per-d-nh, Pcr-e-nh)

8 all AS/NZS 4600 DSM with Py in the slenderness, Pyn elsewhere and Pcr based on gross area

9 all Modification 1 to Option 4 in (Moen and Schafer 2011) — replace Pcreh by Perenn

10 all Modification 2 to Option 4 in (Moen and Schafer 2011) — replace Pcr-1-h by Per-1-nn

11 all Modification 3 to Option 4 in (Moen and Schafer 2011) — replace Pecr-da-h by Per-d-nn

12 all Modification 4 to Option 4 in (Moen and Schafer 2011) — replace the D equation by the AS/NZS 4600 DSM D
equation, limit Pnd t0 Pyn; use Pecr-d-h

13 all Modification 5 to Option 4 in (Moen and Schafer 2011) — minimum of (i) regression analyses of LG equation using Per-
1-nh, (i) D equation, and (iii) G equation

14 all Modification 6 to Option 4 in (Moen and Schafer 2011) — minimum of (i) regression analyses of LG equation using Pcr-
1-nh and (ii) D equation

School of Civil Engineering Research Report R949 Page 8
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Table 5.1: Description of design methods explored in this report (continued)

15 all Modification 7 to Option 4 in (Moen and Schafer 2011) — minimum of (i) regression analyses of LG equation using

Pecr1-nh and (i) G equation

16 all Modification 8 to Option 4 in (Moen and Schafer 2011) — use Pecr-1-nh @nd Per-d-nh, factor final strengths

17 all Modification 9 to Option 4 in (Moen and Schafer 2011) — use Per-1-nh and Per-a-nh, regression analyses of final strengths;

separate regression parameters for stiffened C section columns

18 all Modification 10 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh

and Pcr-d-nn, factor final strengths

19 all, non-perforated | Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-j-nh

and Pcr-da-nh, regression analyses of final strengths; separate regression parameters for stiffened C section columns

School of Civil Engineering Research Report R949 Page 9
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Firstly, the AS/NZS 4600 DSM design expressions (i.e. DSM Method 1) as shown in Equations (1)-(6)
were applied to 1506 non-perforated steel columns included in the parametric studies. These data included
non-perforated columns with five cross-section shapes (i.e. C, Z, Hat, Rack and Stiffened C) which covered
both the practical slenderness ranges and the geometric limits of the major cross-sections pre-qualified by the
AS/NZS 4600 DSM.

A first order second moment (FOSM) reliability analysis was performed to evaluate the AS/NZS 4600
DSM rules, as well as all subsequent design expressions. The primary aim was to obtain the resistance factor
¢ conforming to the load and resistance factor design (LRFD) for cold-formed carbon steel. The analysis was
based on the equations provided in Chapter F of the AISI Specification (NAS 2007). The following statistical

data was used:

» The LRFD reliability target index f=2.5 for cold-formed carbon steel structural members.
» The mean value of the fabrication factor Fm=1.0 and its coefficient of variation Vr=0.05.
» The mean value of the material factor Mm=1.10 and its coefficient of variation Vum=0.10.

» A representative ratio of dead load to live load for cold-formed members Gn/Qn=0.2.

» A representative ratio of mean dead load to nominal dead load Gm/Gnr=1.05.

» A representative ratio of mean live load to nominal live load Qm/Qn=1.0.

» The coefficient of variation of the dead load Vp=0.1.

» The coefficient of variation of the live load V.=0.25.

» Dead load factor y6=1.2.

» Live load factor yo=1.5.

To determine the resistance factor ¢, the reliability analysis used the mean professional factor Pm, defined
as the mean of the test-to-predicted (or simulation-to-predicted) ratio, and the coefficient of variation, Vp, of the

same ratio defined as the standard deviation of the test-to-predicted ratio divided by the Pm value.

2.1.1. Method 1 — non-perforated

The resulting resistance factors by DSM Method 1, i.e. the AS/NZS 4600 DSM, for non-perforated
columns are listed in Table 2 for failure modes L, LG, G, D, and L+LG+G+D, and in Table 3 for LD, DG, LDG,
LD+DG+LDG, and all failure modes. Essentially Table 2 includes the failure modes that are considered by the
current DSM, and Table 3 includes the interactive modes involving distortional deformations that are not

covered in the standard.

School of Civil Engineering Research Report R949 Page 10
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Table 2 and Table 3 show that the overall resistance factor ¢ is 0.824 which is slightly below the
prescribed value 0.85 in the AS/NZS 4600 DSM. In terms of failure mode the resistance factors ¢ in a
descending order are 0.914 (G), 0.893 (LG), 0.882 (L), 0.838 (LDG), 0.824 (D), 0.794 (LD), and 0.698 (DG),
which suggests that the AS/NZS 4600 DSM produced inferior predictions for failure modes involving
distortional buckling. A quite reliable prediction (¢ =0.874) was achieved if only the modes (i.e. L, LG, G and
D) covered by the current DSM were considered, while a resistance factor ¢ of only 0.757 was obtained for
other interactive modes (i.e. LD, DG, LDG). This observation is also valid for each individual section. It is
found that the overall resistance factor ¢ also varies between different section types such that the ¢ values in a
descending order are 0.896(Z), 0.834 (Rack), 0.830 (C), 0.737 (Hat), and 0.609 (Stiffened C). Therefore,
depending on the specific section type and failure mode, the reliability of the prediction can vary considerably.
For example, the safest predictions are for Rack section columns failing in G mode with ¢ =0.971 and the least
safe ones are for Stiffened C section columns failing in DG interaction with ¢ of only 0.508. From a design
point of view, an engineer not knowing the actual failure mode should use the prescribed ¢ value of 0.85 in the
AS/NZS 4600 DSM only for C, Z and Rack sections (as their overall ¢ values are 0.830, 0.896 and 0.834
respectively), while the “actual” ¢ values of 0.737 and 0.609 should be used for Hat and Stiffened C sections
respectively. Nevertheless, this approach of using the overall ¢ value including different failure modes can still
over-predict the member strength if the column is in reality predisposed to a failure mode which has a lower ¢
value than the overall ¢ value. Therefore, a more conservative design approach could be to use the minimum
¢ value of all failure modes, for instance, to use ¢ =0.683 (for the LDG mode) for designing non-perforated

Rack section columns.

School of Civil Engineering Research Report R949 Page 11
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Table 2: Resistance factors for non-perforated columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 1 — AS/NZS 4600 DSM

dicti . Failure mode
pre 'ﬁ“g” S?f“o” L LG G D AL LG.G.D
metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.108 [ 0.135 | 0.889 12921 1.075]0.082 { 0.911 [ 94 |1.025 | 0.083 | 0.869 | 34 | 1.159]0.217 1 0.822 | 80 | 1.104 | 0.146 | 0.873 |500
DSM Z 1.107 1 0.097 | 0.927 11471 1.053 |1 0.145 [ 0.834 [ 28 | 1.070 | 0.030 | 0.935| 52 | 1.032 | 0.058 | 0.890 | 50 | 1.079 | 0.097 | 0.902 [277
Method Hat 0.930 ] 0.056 1 0.803 | 42 [1.0460.145(0.829 ]| 13 11.09310.013]0.959| 3 ]1.021]0.092{0.859| 9 [0.972 [0.104 [ 0.808 | 67
1 Rack 1.042 10.084 |1 0.882 | 11 |11.088 | 0.081 [0.923 | 22 11.110]0.027 10.971| 8 |1.025]0.045]0.890| 8 ]1.071]0.07410.914 | 49
Stiffened C| 1.026 [ 0.072 {0.877 | 10 | 1.078 | 0.034 [ 0.940 | 3 |1.097|0.006 | 0.963 | 4 |1.215/0.272[0.782| 5 |1.089 [ 0.156|0.849 | 22
All sections| 1.090 [ 0.128 | 0.882 | 502 1.070 [ 0.100 | 0.893 |160] 1.060 [ 0.058 [ 0.914 |101[1.104 | 0.186 | 0.824 | 152| 1.085 | 0.132 | 0.874 [915
Table 3: Resistance factors for non-perforated failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 1 — AS/NZS 4600 DSM
dicti Secti Failure mode
pre t'ﬁ“g” ‘;C“O” LD DG LDG All LD. DG. LDG ALL Failure modes
metod ) shape "o T Vo [ ¢ [n]Pa [ Vo ] 46 [n|Pa | Vol ¢ [n][Pa| Vo] 6 [n|Pa| Vel ¢ |n
C 0.929 [0.130]0.750] 65 [0.920]0.173]10.701 { 54 11.130/0.165]0.870] 22 [{0.95710.172{0.7301141|1.072]0.162 [ 0.830| 641
DSM Z 1.000]0.060]0.862 | 84 [1.065[0.086[0.900| 62 [1.155[0.131[0.931[134[1.089[0.125]0.8841280]1.085|0.110 0.896 | 557
Method Hat 0.886 [0.07310.757 112 1 0.894]10.208 10.645( 41 10.94410.170]10.722]1 21 [0.907]10.182(0.682| 74 10.93810.151 {0.737] 141
1 Rack 0.900]0.07010.771| 3 [0.996]0.093 10.836 [ 17 | 0.957]0.214{0.683 | 18 | 0.970(0.160 ] 0.753 [ 38 | 1.027 | 0.125]0.834 | 87
Stiffened C| 0.851 [0.2190.602 | 5 |0.809|0.285[0.508 | 36 | 0.915|0.184 [ 0.685 | 17 | 0.844 | 0.253 | 0.563 | 58 | 0.911 | 0.252 | 0.609 | 80
All sections| 0.958 | 0.107 | 0.794 1169 0.945 | 0.193 | 0.698 | 210{ 1.096 [ 0.171 [ 0.838 {212]1.003 | 0.179] 0.757 | 591 1.053 | 0.155 | 0.824 | 1506
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Fig. 1: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 1 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 2: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 1 with classified

section types (from left to right: C, Z, Hat, Rack and Stiffened C)

Along with the statistical tables, two figures are also provided to plot the simulation-to-predicted ratios
(Pu-rem/Pn) for all non-perforated members, with Fig. 1 classified by failure mode (from left to right: L, LG, G, D,
LD, DG, and LDG) and Fig. 2 classified according to section type (from left to right: C, Z, Hat, Rack and
Stiffened C). In addition, Section A.1 of Appendix A provides more detailed figures that plot the simulation-to-
predicted ratios for each section type with classified failure modes. In general, these figures show less reliable
predictions (with smaller mean and/or larger variation) for failure modes D, LD, DG, and LDG, and also for Hat
and Stiffened C sections, which agrees with the results presented in Table 2 and Table 3. In addition, the

following describes the observations for any substantial deviations from unity in the value of Pu-rem/Pn:

() For C section columns failing in an L mode, significant over-predictions (Pu-rem/Pn <0.9)

occurred for sections C66, C68 and C69. This is because on one hand C66 had very small lips
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) so that

cr-l -nh

(hence its Aa was much higher than its 4, where 4,=,/P/P, ., and 4=,/P, /P
considerable distortional deformations were involved in its L mode. On the other hand, C68 and C69
were the sections that had the widest flanges (bi) relative to their web widths (d) so that local
buckling failure was triggered mainly in the two flanges. This mode seemed to have a more

pronounced weakening effect on the load-carrying capacity compared to sections with narrow
flanges which contributed to a stiffening effect.

In addition, under-predictions occurred for a large number of sections with moderate to high
cross-sectional slenderness and whose 41 was significantly higher than Aq (such as C35 and C45).
These members exhibited considerable post-buckling reserve of strength associated with plate local
buckling. In general it was found that the higher (lower) the 41 than the corresponding Ad, the safer

(less safe) the predictions for local buckling failures.

(ii) For C section columns failing in a D mode, considerable under-predictions were
observed for slender sections such as C21, C32, C43, C49, and C51, indicating that those columns

exhibited considerable post-buckling reserve of strength that was not reflected in the current DSM.

(iii) For C section columns failing in an LD mode, severe over-predictions occurred for
sections C55, C59, C60 and C63 featuring large cross-sectional slenderness with 41 much higher

than Aq¢. This indicates that severe interaction with local buckling could cause significant strength

erosion in an LD mode.

(iv) For C section columns failing in a DG mode, the most severe over-predictions (Pu-
rem/Pn as low as 0.48) occurred for columns made from section C65. This is because C65 featured
very small lips and therefore its 1« was much higher than its 4y, and thus its global failure mode
showed a strong interaction with the D mode. This demonstrates the profoundly adverse effect of DG

interaction on the strength of the column.

(v) For C section columns failing in an LDG mode, significant under-predictions occurred
for short columns made from section C43 which had the highest ratio of web width to flange width.
No special characteristic was detected in their failure modes, but it was found that it was the D
equation in the AS/NZS 4600 DSM that under-predicted the strength of this section.

(vi) For Z section columns failing in an L mode, as with C sections, over-predictions
occurred for sections with 14 > 41, while under-predictions occurred for sections with moderate to

high cross-sectional slenderness with 1¢< Ar.

(vii) For Z section columns failing in an LG mode, over-predictions were produced solely
by section Z71 which featured no lips. It therefore did not have a distortional mode and Equations (5)

and (6) were not used in prediction.
(viii) For Z section columns failing in an LDG mode, large variations in the predictions were
observed. The strength of most columns was safely or overly safely predicted by the AS/NZS 4600
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DSM, despite the fact that they failed in an obvious LDG interaction. On the other hand, unsafe
predictions were produced by short to moderate-length columns made from sections Z35, Z69 and
Z70 which featured high cross-sectional slenderness (11 >4.0) with 4y > A4 but 4y < Aq¢ +1.0. It is also
interesting to note that while the strengths of Z35 and 269 were over-predicted for short to moderate-
length columns, they were under-predicted for longer columns. This difference was reflected in their

failure modes such that the former involved more noticeable distortional deformations.

(ix) For Hat section columns failing in an L mode, a great majority of their strengths were
over-predicted by the AS/NZS 4600 DSM. This is because most Hat sections featured wide flanges
(b1) relative to the web width (d), and thus local buckling failure mainly occurred in the flanges, as

with sections C68 and C69 as discussed in (i).

) For Hat section columns failing in a DG mode, substantial over-predictions (Pu-rem/Pn
as low as 0.55) occurred for moderate to long columns made from sections H1, H4, H8, H19, H20,
and H21, of which H1, H4, H8 and H21 featured wide flanges and moderate to high cross-sectional

slenderness with A4; > Aqd.

(xi) For Hat section columns failing in an LDG mode, over-predictions (Pu-rem/Pn
<0.8) occurred for columns of a moderate length (0.8</c<1.1) and made from sections H1, H3 and
H8 which featured wide flanges. It is also worth noting that among those sections, H1 and H8 with a
shorter length (1.=0.55) were however notably under-predicted (Pu-rem/Pn =1.17), which is because

those short columns failed by predominant local buckling.

(xii) For Rack sections, as opposed to L, LG, G and D modes which showed quite uniform
and conservative predictions, the predictions associated with LD, DG and LDG modes were poor. In
particular, the LD mode resulted in an unconservative mean prediction while the LDG mode showed

large variations.

(xiii) For Rack sections failing in a DG mode, the only significant over-prediction was from
the column made from section R9 and with a moderate length, where R9 featured the widest flanges

relative to the web width.

(xiv) For Rack sections failing in an LDG mode, the strengths of columns made from R9

and R10 were all significantly over-predicted, and these sections also featured wide flanges.

(xv) For Stiffened C sections, considerable variations in strength prediction were found
with failure modes involving the D mode, and thus a resistance factor ¢ of only 0.563 was obtained
for those modes (i.e. LD, DG and LDG) excluded in the AS/NZS 4600 DSM, while the ¢ value of
0.849, consistent with the prescribed value of 0.85 in the current DSM, was achieved for the other

modes.

(xvi) For Stiffened C sections failing in a D mode, the strengths of sections SC4, SC5 and
SC10 were significantly under-predicted. These sections featured moderate to high cross-sectional
slenderness with Aa much higher than A, hence indicating a considerable post-buckling reserve of
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strength. However, the strength of the columns made from stocky sections (SC3 and SC6) was

slightly over-predicted.

(xvii) For Stiffened C sections failing in an LD mode, notable over-predictions were found
with sections SC7 and SC9 which had high cross-sectional slenderness with 41 > Aq4. This indicates
that a severe interaction with local buckling contributed to a noticeable erosion of strength in the LD

mode.

(xviii) A majority of pinned-end Stiffened C section columns that failed in a DG mode
showed the lowest mean and the most severe variations in Pu.rem/Pn values among all the sections
and failure modes. In particular, over-predictions occurred for sections SC1, SC4, SC5, SC8 and
SC10 which featured moderate to high cross-sectional slenderness with A¢ > Ay . Of them, the
strength of SC10 was over-predicted the most with a Purem/Pn value of as low as 0.33, which was
due to the fact that SC10 had very small lips (so its 1« was much higher than its i), and hence a
strong DG interaction. It is also worth noting that this degree of over-prediction increased with an
increase in the member length, in contrast to the other sections where the most severe over-

predictions usually occurred at a moderate member length.

(xix) For Stiffened C sections failing in an LDG mode, the strength of most of the columns
was over-predicted. These columns had a moderate member length and were made from sections
SC7, SC8 and SC9 featuring moderate to high cross-sectional slenderness. Severe interaction with
distortional buckling, as shown in their failure modes, had a profoundly adverse influence on the

strength of the column failing in an LDG mode.

Summarising the above observations prompts the following preliminary conclusions:

(i) The local buckling strength tended to be over-predicted by the AS/NZS 4600 DSM if 14 was
much higher than A4y (since considerable distortional deformations could participate in the local
failure mode), or if the flange width was large relative to the web width. Regarding the latter, Yap and
Hancock (2008; 2011) also made similar observations, i.e. the strength of sections failing in all
flange elements tended to be overestimated by the DSM L curve expressed by Equations (3) and (4)
, and proposed that the exponent of 0.4 be raised to 0.5 as in the Winter strength formula for a single
element in order to provide safe predictions. Among those sections with wide flanges and inferior
strength, C68 is pre-qualified by the AS/NZS 4600 DSM, while C69 is nearly pre-qualified. Besides,
most Hat sections are not pre-qualified because the limits set out in Table 7.1.1 of AS/NZS 4600 are
very impractical and most of the sections used in this study are actually practical sections produced

by major manufacturers.

(ii) On the other hand the local buckling strength could be under-predicted for sections
whose 41 was significantly higher than As¢ so that a substantial reserve of post-buckling strength

could occur.
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(i) A considerable post-buckling reserve of strength could also occur in pure distortional
buckling if the section was slender and its A« was much higher than its 4, and thus leading to an

under-prediction of strength.

(iv) Severe interaction with local buckling could cause a significant strength erosion in a D
mode, which usually occurred for slender sections whose 41 was much higher than Aq. This was in
line with the finding by Silvestre et al. (2012) that LD interaction only caused a significant strength
erosion for the most slender columns. Among those sections, C55, C59, C60, C63, SC9 were nearly

pre-qualified, while SC7 was not pre-qualified.

(v) DG interaction could significantly reduce the strength of a column, which usually
occurred for sections with small lips, wide flanges, or sections of moderate to high slenderness with
Aa> A1 (or with 41 > 4q but 4y <Aa +1.0). The most severe DG and LDG interaction usually occurred in

columns of a moderate length.

(vi) Sections with wide flanges proved to have inferior structural performance such that
they not only had slightly poor local buckling strength, but were also susceptible to DG interaction

which could lead to significant strength erosion.

(vii) The AS/NZS 4600 DSM tended to over-predict the strength of sections with no lips.
Because such sections do not have a distortional mode, the D equation is not used in the prediction.

Further research is needed to study the strength of this class of section.

(viii) Z sections in general did not seem to be very sensitive to interactive buckling
because the current DSM could provide safe predictions even when there was obvious LDG
interaction. Only when considerable D mode was engaged did the strength of those sections
severely erode. Moreover, it is unusual that interaction with local buckling seemed to benefit the
ultimate strength of the Z section columns (except for sections without lips), which resulted in under-

predictions of strength for a large proportion of columns.

2.1.2. Method 1 — perforated and all

Although in principle the AS/NZS 4600 DSM should not be applied to perforated columns, its performance
was nevertheless evaluated in this study. The resulting statistics are tabulated in Table 4 and Table 5, along
with two figures (Fig. 3 and Fig. 4) showing the simulation-to-predicted ratios (Pu-rem/Pn) for all perforated
columns classified by failure mode and section type respectively. More detailed figures regarding the
simulation-to-predicted ratios for each section are provided in Section A.2 for perforated members only and in

Section A.3 for non-perforated plus perforated members.

In comparison with Fig. 1 and Fig. 2, Fig. 3 and Fig. 4 illustrate the additional considerable variations in
Pu-rem/Pn due to the influence of perforations. Overall, the tabulated results show that the resistance factor ¢

was reduced from 0.824 for non-perforated members to only 0.663 for perforated members, demonstrating the
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significant erosion of the reliability of the prediction if the presence of holes is not considered in the design
method. To further show the influence of holes on each individual failure mode and section type, the
percentage differences in the values of ¢, as well as Pm and V,, between the non-perforated and perforated
members are presented in Table 6 and Table 7. It is seen from the ¢ values that the D mode was most
adversely affected by holes with a reduction in ¢ of 22.9%, while the least adversely affected one was the L
mode where a 9.6% reduction in ¢ was obtained. On the other hand the most adversely affected section was
Hat section with a 28% reduction in ¢ (closely followed by Rack section with a reduction in ¢ of 26.5%),
whereas Stiffened C section was least adversely affected by holes with a reduction in ¢ of 14.9%. In addition,
if one looks at a particular section with a particular mode, Rack section failing in an LG mode was most
adversely affected with a large 41.6% reduction in ¢, contrary to the least reduction of only 3.8% for Hat
section failing in a G mode. These results proved that the presence of holes had a varying influence on

different section types and failure modes.

In addition, statistics are also provided for all (non-perforated plus perforated) columns, as shown in Table
8 and Table 9. As the overwhelming majority of the columns were perforated, the difference in the numbers is
subtle comparing with Table 4 and Table 5 for perforated columns only. For instance, the overall resistance

factor g increased from 0.663 to 0.666 when non-perforated columns were added in the predictions.
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Table 4: Resistance factors for perforated columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 1 — AS/NZS 4600 DSM

dicti . Failure mode
p:ﬁet'ﬁggn Ssehcatl'gg 1 LG G D AL LG,.G.D
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.059]0.149(0.834| 6631 10.9830.119{0.8044151]0.868]0.143[0.690]1617]1.037]0.271{0.669]3598]1.015]0.188(0.756]15997
DSM Z 1.04910.122{0.855] 3565 |0.966]0.182{0.726]1330[1.016]0.068 [0.871]2496|0.87410.147[0.690]2394]0.986]0.144{0.782 | 9785
Method Hat 0.820]0.115]0.673 [ 1372 10.898]0.203]0.653 | 481 |1.070{0.0580.923| 134 |0.786]0.201]0.574 [ 432 (0.843]0.170]|0.645| 2419
1 Rack 0.950]0.107]0.787| 450 [0.798]0.246]0.539(1043]|0.905(0.177]0.685( 375 |0.831]0.109]0.687 [ 383 [0.852]0.201]|0.621 | 2251
Stiffened C|0.92810.114{0.763| 307 [0.915]|0.138]0.732| 140 |0.964{0.102|0.803| 192 [0.993]|0.252|0.662| 240 |0.951{0.171(0.727| 879
All sections|1.022]0.157]0.797(12325[0.946(0.171]0.723|7145]|0.957]0.128(0.774|4814(0.953|0.253]0.635|7047]0.979]0.185(0.733 (31331
Table 5: Resistance factors for perforated failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 1 — AS/NZS 4600 DSM
dicti . Failure mode
pre t'ﬁ“g” Sehc“on LD DG LDG ALLD. DG. LDG ALL Failure modes
metho shape o T Vve [ g [ nlPe Vol 6 [n|Pa Vol o[ n P Vel 6] n [Pa]Ve] 4] n
C 0.79810.17610.605]3092]0.76410.20910.550]2535/0.98410.191]0.729] 840 (0.809/0.210/0.581 | 6467 |0.956]0.217]0.679]22464
DSM Z 0.876]0.132]0.705[/4031]0.956[0.134|0.7682927(1.020/0.170]0.780]5923]0.960]0.167(0.738 (12881 |0.972]0.158 [ 0.756 [ 22666
Method Hat 0.711)0.181]0.534] 573 10.710]0.29710.436118860.791(0.257]0.523]| 943 [(0.733(0.274(0.470| 3402 [0.779/0.240(0.531 | 5821
1 Rack 0.731{0.101(0.609( 134 10.820(0.196{0.603 | 815 [0.824(0.187(0.614| 882 [0.815{0.190{0.605| 1831 [0.836]0.198]0.613 | 4082
Stiffened C|0.7120.201[0.519| 240 |0.724]0.2960.445[1691(0.802]0.217]0.570| 783 [0.745[0.270]0.482| 2714 |0.796]0.266[0.518 | 3593
All sections|0.827]0.167]0.635[8070]0.808]0.247]0.544[9854|0.957]0.210]0.688]9371[0.865]0.227]0.604 | 27295 | 0.9260.212 | 0.663 | 58626
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Table 6: Difference in resistance factors between perforated and non-perforated columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 1 —
AS/NZS 4600 DSM

dicti Secti Failure mode
p;fet'ﬁggn Si‘;'oe” L LG G D AlL LG, G,D
P Pm Vp P P Vo 4 P Vp 4 P Vp P P Vp P
C 4.4% | 10.4% | -6.2% | -8.6% | 45.1% |-11.7% | -153% | 72.3% |-20.6% | -10.5% | 24.9% |-18.6% | -8.1% | 28.8% | -13.4%
Z 5.2% | 25.8% | -7.8% | -8.3% | 25.5% |-12.9% | -5.0% | 126.7% | -6.8% | -15.3% | 153.4% | -22.5% | -8.6% | 48.5% |-13.3%
DSM
Hat  |-11.8% ] 105.4% | -16.2% | -14.1% | 40.0% |-21.2% | -2.1% | 346.2% | -3.8% |-23.0% | 118.5% | -33.2% | -13.3% | 63.5% |-20.2%
Method
1 Rack | -8.8% | 27.4% |-10.8% | -26.7% | 203.7% | -41.6% | -18.5% | 555.6% |-29.5% | -18.9% | 142.2% | -22.8% | -20.4% | 171.6% | -32.1%
Stiffened C| -9.6% 58.3% |[-13.0% | -15.1% | 305.9% | -22.1% | -12.1% | 1600.0% | -16.6% | -18.3% | -7.4% |-15.3% | -12.7% 9.6% -14.4%
All sections| -6.2% 22.7% 96% [-11.6% | 71.0% |-19.0% | -9.7% 120.7% |-15.3% | -13.7% | 36.0% | -22.9% | -9.8% 40.2% | -16.1%

Table 7: Difference in resistance factors between perforated and non-perforated columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by
DSM Method 1 — AS/NZS 4600 DSM

prediction| Section Failure mode
method LD DG LDG AllLD, DG, LDG ALL Failure modes
shape [ p_ A ) P Vo P P Vo P Pm | Vo ) Pm | Vo P
C -14.1% | 35.4% [ -19.3% [ -17.0% | 20.8% | -21.5% [ -12.9% | 15.8% | -16.2% | -15.5% | 22.1% | -20.4% | -10.8% | 34.0% | -18.2%
DSM Z -12.4% | 120.0% | -18.2% [ -10.2% | 55.8% [ -14.7% | -11.7% | 29.8% | -16.2% | -11.8% | 33.6% | -16.5% | -10.4% | 43.6% | -15.6%
Method Hat -19.8% | 147.9% | -29.5% [ -20.6% | 42.8% | -32.4% | -16.2% | 51.2% | -27.6% | -19.2% | 50.5% | -31.1% | -17.0% | 58.9% | -28.0%
1 Rack -18.8% | 44.3% | -21.0% [ -17.7% | 110.8% | -27.9% | -13.9% | -12.6% | -10.1% | -16.0% | 18.8% | -19.7% | -18.6% | 58.4% | -26.5%
Stiffened C| -16.3% | -8.2% | -13.8% | -10.5% 3.9% -12.4% | -12.3% | 17.9% | -16.8% | -11.7% | 6.7% | -14.4% | -12.6% | 5.6% | -14.9%
All sections| -13.7% | 56.1% | -20.0% | -14.5% | 28.0% | -22.1% | -12.7% | 22.8% | -17.9% | -13.8% | 26.8% [ -20.2% | -12.1% | 36.8% | -19.5%
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Table 8: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 1 — AS/NZS 4600 DSM

dicti . Failure mode
pre 'ﬁ“g” Sehc“on ] LG G D AL LG.G,.D
metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.06110.149]0.836| 6923 [0.985]0.119]0.806]4245]0.872]0.144]0.691]1651]1.039]0.270]0.6713678]1.0180.187]0.758 (16497
DSM Z 1.05110.12210.857] 3712 [0.968]0.182]0.727]1358]1.017]0.068]0.87212548|0.877]0.1480.6921244410.989)0.14410.785 (10062
Method Hat 0.823[0.115/0.676 1414 10.9020.203|0.656( 494 |11.071]0.057(0.924 [ 137 |10.791/0.202(0.575 441 |0.847(0.170[0.648 | 2486
1 Rack 0.952(0.107(0.789| 461 10.804]|0.247]0.542(1065]/0.909]0.17710.688 | 383 |0.835/0.113(0.687 [ 391 [0.857(0.202{0.624| 2300
Stiffened C|0.931[0.114]0.765| 317 |0.919(0.138]|0.734| 143 |0.967|0.102|0.805| 196 |0.997]0.254|0.663| 245 |0.955[0.172]0.728[ 901
All sections[1.025]0.156]0.800{12827[0.949]0.170(0.7267305]0.959/0.12810.776 [4915{0.9560.252[0.6387199|0.982 | 0.184|0.736 | 32246
Table 9: Resistance factors for all failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 1 — AS/NZS 4600 DSM
dicti . Failure mode
pre t'ﬁ“g” Sehc“on LD DG LDG ALLD. DG. LDG ALL Failure modes
metmod ) shape e " Tv, [ o [ n[Po [ Vo] 6 | n [Po | Vo |l 6 [ n | Pa Vol 6] n [ Pa] Vel ¢ ] n
C 0.80110.176/0.6073157(0.767]0.210]0.551| 2589 [0.988]0.191]0.731] 862 |10.812]0.210]0.583 | 6608 [0.959]0.216]0.682]23105
DSM Z 0.87810.13210.70714115[{0.958[0.134[0.769( 2989 [1.023[0.171[0.782[6057|0.963]|0.167/0.740|13161[0.974|0.158|0.759(23223
Method Hat 0.71410.18210.536| 585 [0.714[0.297[0.438| 1927 [0.794[0.256[0.526| 964 10.737]0.27310.473| 3476 |0.782]0.240]|0.534| 5962
1 Rack [0.734(0.106[0.609| 137 [0.824[0.196|0.606| 832 |0.826(0.189(0.614| 900 {0.819]0.191]0.607| 1869 [0.840]0.199]0.615| 4169
Stiffened C|0.715]0.203]0.520| 245 |0.726]0.2960.446| 1727 [0.804]0.217]0.571] 800 |0.748|0.2700.483| 2772 10.798|0.267]0.519| 3673
All sections|0.830]0.1670.637]8239(0.811]0.247]0.547 (10064 |0.960[0.210]0.690]9583[0.8680.227]0.606 [ 27886 | 0.929[0.212|0.666 | 60132
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Simulations - All - all failure modes / DSM
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Fig. 3: Simulation-to-predicted ratios for all perforated columns by DSM Method 1 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 4: Simulation-to-predicted ratios for all perforated columns by DSM Method 1 with classified section

types (from left to right: C, Z, Hat, Rack and Stiffened C)

2.2. Design strength based on AS/NZS 4600 DSM and interaction with D
mode

The discussions presented in Section 2.1 demonstrate that when the current DSM was used for strength
prediction, the discrepancy mainly stemmed from two sources, one was the existence of perforations, while
more fundamentally, the other was the interaction of buckling modes. It has been shown that the current DSM
generally performed poorly against the failure modes (i.e. LD, DG, LDG) that are not covered by it, or more

typically, the failure modes involving distortional buckling.

School of Civil Engineering Research Report R949 Page 22
The University of Sydney



Design of Perforated Thin-walled Steel Columns

Previous research on the design against interactive buckling has been presented in detail in Section 1.4.3
of (Yao 2013). In short, LG interaction has been extensively studied and its influence is widely recognised,
and as a consequence, it has been considered in the current DSM equations. In contrast, other interactive
buckling phenomena (i.e. LD, DG, LDG) are less understood. Of them, LD interaction has received a
considerable amount of attention, but the literature regarding DG and LDG interaction is not adequate. The
design approaches based on the DSM which considered LD and DG interaction were first explored by Schafer
(2002) when the current codified DSM was under development. However, LD and DG interaction were not
included in the current DSM equations mainly due to the lack of experimental and numerical evidence to prove
their adverse effects and also the poor performance found with the formulation considering LD interaction.
This DSM-based design approach to account for LD interaction has since been evaluated by several
researchers (Yang and Hancock 2004; Kwon, Kim et al. 2009; Yap and Hancock 2011; Silvestre, Camotim et
al. 2012), and proved necessary for safely predicting the strength of columns subject to LD interaction. The
approach was either to replace B, by P, in Equations (3)-(4) or to replace P, by B, (which was based on

Py in lieu of P,.) in Equations (5) and (6). The former was adopted most often, and given by the expressions:

For A, <0.776, P,,=P, (7)

0.4 0.4
P P
For A, >0.776, P,= 1-0.15( Cf-'-“hj [ °E;"“hJ P (8)
nd

nd

where 4,=\P, /P, ., . In addition, the DG interaction equation proposed by Schafer (2002) was also
assessed in the works by Yang and Hancock (2004), Rossi et al. (2010), Yap and Hancock (2011), Casafont
(2011) and Silvestre et al. (2012) and shown to substantially improve the strength prediction for columns

affected by strong DG interaction. This DSM-based DG approach was given by

For A, <0.561, P, =P 9)

1 ne

0.6 0.6
P P
For 4, >0.561, P,= 1-0.25(Mj [%} P. (10)

where A4, =,/P../P, .. - Furthermore, a DSM-based approach to account for LDG interaction was first

C

explored by Yap and Hancock (2011) and then by Silvestre et al. (2012), whose expressions were as follows:

For 4, <0.776, P,,.=P... (11)
0.4 04
I:)cr—l -nh I:)cr—l -nh
For 4, >0.776, P, =|1-0.15| —loh —erlah | p (12)
Pnde Pnde
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where 4, =P /P

nde cr-l -nh

. Compared to the predictions obtained by the LD or DG approaches, the

results produced by this LDG approach typically featured an increased mean and a significantly larger scatter.

The following sections describe the performance of three DSM-based methods considering different
combinations of interactions. Non-perforated columns were first used in the assessment of these methods,

followed by applying the best-performing option to all (non-perforated plus perforated) columns.

2.2.1. Method 2 — LG and DG interactions — non-perforated

Table 10 and Table 11 list the statistics of the predictions for non-perforated columns using DSM Method
2, i.e. minimum of the LG interaction Equations (3)-(4) and the DG interaction Equations (9)-(10). Meanwhile,
Table 12 and Table 13 present the percentage differences of the statistics between DSM Method 2 and DSM
Method 1 (the current DSM that considers only LG interaction).

Overall, DSM Method 2 improved the overall resistance factor ¢ of the predictions from 0.824 to 0.851
which satisfied the prescribed value of 0.85 as in the code. This improvement mainly came from the DG and
LDG modes and the results regarding the other modes were barely influenced. In particular, the value of ¢
was improved from 0.698 to 0.795 (i.e. 13.9% increase although it was still lower than 0.85) for DG mode, and
from 0.838 to 0.921 for LDG mode (i.e. 9.9% increase). The section that benefited most from the inclusion of
DG interaction was Stiffened C section (which showed in the combined LD, DG and LDG statistics a 13.9%
increase in Pm and 20.2% decrease in Vp, resulting in a 24.3% increase in ¢), followed by Hat and Rack
sections (13.0% increases in ¢) with only slightly beneficial influence on C and Z sections (1.6% and 3.4%
increase in ¢ respectively). These results agreed with the fact that Stiffened C, Hat and Rack sections were
susceptible to DG interaction and a large number of columns failed in this mode. Therefore, including DG
interaction in the current DSM is warranted because it can decrease the variations and increase the
resistance factors for almost all sections (expect for a slightly adverse effect on the LG and LDG modes for C

section columns).

The simulation-to-predicted ratios (Pu-rem/Pn) are also provided in Fig. 5 and Fig. 6 for all non-perforated
columns classified by failure mode and section type respectively. More detailed figures regarding each section
type can be found in Section B.1. It is seen that including DG interaction in the prediction did not eliminate all
the over-predictions. A close examination showed that substantial over-predictions mainly came from three
sources, one from severe LD interaction represented by sections such as C60, SC7, SC8 and SC9, another
one from severe DG interaction involving moderate to long-length columns made from sections such as C65,
H1, H8, H21, SC5, and SC10 and the third one from severe LDG interaction occurring in moderate-length
members made from H1 and R9. Those sections mentioned in the last two items featured either wide flanges
(H1, H8, H21, and R9) or very small lips hence very high distortional slenderness (C65, SC5 and SC10). The
over-predictions for these sections demonstrate that the inclusion of DG interaction in the strength prediction
was not adequate to reliably predict the strength erosion for such sections subject to severe interaction with

distortional buckling.
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Table 10: Resistance factors for non-perforated columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 2 — minimum of LG and DG interaction
equations based on AS/NZS 4600 DSM

dicti . Failure mode

pre |ﬁtlgn Sehctlon L LG G D AL LG G D
method | shape o ™ T VT 4 [n| Pn | Vo | 6 [N | Pn] Vo] 6 [n|Pn] Vol 4 || Pn| Vel| 6 [n
C 1.108 { 0.135 [ 0.889 ({292 1.106 | 0.115]0.908 | 94 | 1.025 ] 0.083 | 0.869 | 34 | 1.159 ] 0.217 ] 0.822 | 80 | 1.110] 0.149 | 0.874 |500
DSM Z 1.107 1 0.097 { 0.927 {147 1.053 | 0.145 |1 0.834 | 28 | 1.071 | 0.030 1 0.935] 52 |1 1.032 ] 0.058 | 0.890 | 50 | 1.081 | 0.093 | 0.908 |277
Method Hat 0.930/0.056 {0.803 | 42 11.05910.14810.835] 13 |11.093/10.013|0.959| 3 |1.021]10.092]10.859| 9 [0.975[0.107[0.807 | 67
2 Rack 1.042 10.08410.882 ] 11 | 1.14210.07310.975| 22 {1.110]0.027]0.971] 8 11.025]0.045]0.890| 8 |1.095]0.080]0.931]49
Stiffened C| 1.026 [ 0.072 [ 0.877 [ 10 | 1.127 | 0.036 | 0.983 | 3 |1.097 | 0.006 | 0.963| 4 [1.215]0.272]10.782| 5 [1.096 | 0.156 | 0.855 | 22
All sections| 1.090 [ 0.128 | 0.882 |502 [ 1.098 [ 0.119 [ 0.898 [160] 1.060 | 0.058 | 0.915 | 101] 1.104 | 0.186 | 0.824 | 152] 1.090 | 0.133 | 0.877 |915

Table 11: Resistance factors for non-perforated columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 2 — minimum of LG

and DG interaction equations based on AS/NZS 4600 DSM

dicti Secti Failure mode
p:ﬁet'ﬁggn Sehcatl'gg LD DG LDG AllLD. DG. LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n

C 0.92910.130{0.750 ] 65 1 0.953[0.12610.773 | 54 11.198 |1 0.207]0.865] 22 [{0.980]0.178 10.742 |141]1.081[0.163]0.836( 641
DSM Z 1.000[0.060)0.862 | 84 |1.095]0.078(0.931] 62 [1.195]0.101)0.997 ({134]11.115]0.116]0.914 1280{1.098 1 0.107 {0.910 | 557
Method Hat 0.88610.073{0.757] 12 1 0.981[0.14410.778 {41 11.0000.150]0.787 1 21 [{0.971]10.14310.771| 74 10.973[0.126 | 0.789 { 141
2 Rack 0.900]0.070{0.771] 3 |1.054(0.061]10.908 17 ]11.071]0.161{0.830] 18 [1.050]0.127]0.851| 38 |1.076{0.103]10.894( 87
Stiffened C[0.851(0.219]0.602| 5 [0.931]0.221|0.657 | 36 | 1.056 [0.125[0.858 | 17 [ 0.961 | 0.202 | 0.700 | 58 | 0.998 | 0.197 | 0.733 | 80

All sections|0.958 |1 0.107 | 0.794 | 169] 1.005 | 0.145 [ 0.795 | 210 1.155 [ 0.1400.921 |212]1.045 [ 0.157 | 0.815 |591] 1.073 [ 0.144 | 0.851 | 1506
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Table 12: Difference in resistance factors between DSM Method 2 and DSM Method 1 for non-perforated columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L G G D AIL LG, G.D

method shape P v, p P Vo p P v, p P v, p P v, p
C 0.0% 0.0% 0.0% 2.9% 40.2% | -0.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.5% 2.1% 0.1%
DSM Z 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.2% -4.1% 0.7%
Method Hat 0.0% 0.0% 0.0% 1.2% 2.1% 0.7% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.3% 2.9% -0.1%
2 Rack 0.0% 0.0% 0.0% 5.0% -9.9% 5.6% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 2.2% 8.1% 1.9%
Stiffened C| 0.0% 0.0% 0.0% 4.5% 5.9% 4.6% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.6% 0.0% 0.7%
All sections| 0.0% 0.0% 0.0% 2.6% 19.0% 0.6% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 0.5% 0.8% 0.3%

Table 13: Difference in resistance factors between DSM Method 2 and DSM Method 1 for non-perforated columns failing in modes LD, DG, LDG, LD+DG+LDG,

and all failure modes

. . Failure mode
predt'ﬁ“g” Sic“on LD DG LDG AlLD, DG, LDG ALL Failure modes
method | shape P Vp ) P Vp # P Vp 4 Pm | Vo P Pm | Vo P
C 00% | 00% | 0.0% | 36% | -27.2% | 103% | 6.0% | 25.5% | -0.6% | 2.4% | 3.5% | 1.6% | 0.8% | 0.6% | 0.7%
DSM Z 00% | 00% | 0.0% | 28% | -93% | 3.4% | 35% |-22.9% | 7.1% | 2.4% | -7.2% | 3.4% | 1.2% |-2.7% | 1.6%
Method |—Hat 00% | 00% | 0.0% | 9.7% | -30.8% | 20.6% | 59% |-11.8% | 9.0% | 7.1% |-21.4% 13.0% | 3.7% |-16.6%| 7.1%
) Rack | 00% | 00% | 0.0% | 58% | -34.4% | 8.6% | 11.9% | -24.8% | 21.5% | 8.2% |-20.6%| 13.0% | 4.8% |-17.6% | 7.2%
Stiffened C| 0.0% | 0.0% | 0.0% | 151% | -22.5% | 29.3% | 15.4% | -32.1% | 25.3% | 13.9% |-20.2%| 24.3% | 9.5% |-21.8%| 20.4%
Al sections| 0.0% | 0.0% | 0.0% | 63% | -24.9% | 13.9% | 54% |-18.1% | 9.9% | 4.2% |-12.3%| 7.7% | 1.9% | -7.1% | 3.3%
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Fig. 5: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 2 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 6: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 2 with classified

section types (from left to right: C, Z, Hat, Rack and Stiffened C)

2.2.2. Method 3 - LG, DG and LD interactions — non-perforated

Table 14 and Table 15 present the statistics of the predictions for non-perforated columns using DSM
Method 3, i.e. minimum of the LG interaction Equations (3)-(4), the DG interaction Equations (9)-(10), and the
LD interaction Equations (7)-(8). The percentage differences of the statistics between DSM Method 3 and
DSM Method 1 (i.e. the current DSM) are also given in Table 16 and Table 17.

The results show that DSM Method 3 in general performed poorly. Compared with the current DSM,
although it raised the overall Pm value from 1.053 to 1.235, it resulted in a much larger scatter as shown by the
overall Vp value increasing from 0.155 to 0.284, hence producing a lower overall resistance factor ¢ of 0.776

compared to 0.824. Also, in contrast to DSM Method 2 which did not change the statistics for the modes (i.e.
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L, LG, G and D) that were covered by the current DSM, DSM Method 3 significantly worsened the prediction
as indicated by the values of ¢ decreasing from 0.877 to 0.751. However, the inclusion of LD interaction in the
strength prediction was indeed most beneficial to the LD mode, as shown by the considerable 61.3% and
40.3% increases in the values of Pm and ¢ respectively, although accompanied by a massive 94.4% increase
in the value of Vp. It is also interesting to note that Stiffened C section columns failing in the LD mode
benefited most as the Vp value for this section was reduced by 72.1%, contrary to the other sections which all

showed an increase in their Vp values.

The simulation-to-predicted ratios (Pu-rem/Pr) are provided in Fig. 7 and Fig. 8 for all non-perforated
columns classified by failure mode and section type respectively. More detailed figures for each section type
can be found in Section C.1. The results show that compared to DSM Method 1 and DSM Method 2, DSM
Method 3 safely predicts the strength for the vast majority of members, despite the large scatter in the values
of Purem/Pn and that the predicted strengths of some columns could be as low as one third of the “actual”
strengths. Besides, those column strengths that were significantly over-predicted came from sections C65,
H1, H21, SC5, and SC10 which failed in DG interaction, and section R9 failing in LDG interaction.
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Table 14: Resistance factors for non-perforated columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 3 — minimum of LG, DG, and LD
interaction equations based on AS/NZS 4600 DSM

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG. G.D
method | shape ™ T T S T n [ Pn | Vo | 6 [ n | Po | Vol 6 [N | Po] Vo] 6 [n]| Pa| Ve | 6 |n
C 1.108 [ 0.135 [ 0.889 [292[1.297 [ 0.272 [ 0.834 | 94 | 1.025 ] 0.083 ] 0.869 | 34 11.658 | 0.424 1 0.780 | 80 | 1.226 | 0.323 | 0.714 {500
DSM Z 1.126 [ 0.122 {0.917 (147[1.053 [ 0.145[0.834 | 28 | 1.071 1 0.030]0.935] 52 11.252]0.204 |1 0.908 | 50 | 1.131 ] 0.148 | 0.892 277
Method Hat 0.930 ] 0.056 [ 0.803 | 42 | 1.422 [ 0.306 1 0.857] 13 [{1.093 10.013]0.959[ 3 11.029|0.096{0.862 ]| 9 [1.0460.260 | 0.689 | 67
3 Rack 1.042 1| 0.084 (0.882 [ 11 [1.190(/0.182[0.894 | 22 11.110]0.027]10.971 | 8 |1.066]0.07910.906| 8 |1.1240.148 [0.887]49
Stiffened C| 1.026 | 0.072 | 0.877 | 10 | 1.766 {0.102 [1.470| 3 [1.097|0.006 | 0.963 | 4 ]1.292]0.307 [0.776 | 5 [1.2000.263 | 0.785 | 22
All sections| 1.095 | 0.135 | 0.879 [502]1.258 [ 0.268 | 0.816 | 160 1.060 | 0.058 | 0.915 {101 1.444 [ 0.403 [ 0.710 |152| 1.178 | 0.277 | 0.751 |915

Table 15: Resistance factors for non-perforated columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 3 — minimum of LG,
DG, and LD interaction equations based on AS/NZS 4600 DSM

dicti Secti Failure mode
p:ﬁet'ﬁggn Sehcatl'gg LD DG LDG AIlLD. DG. LDG ALL Failure modes

Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n

C 1.580]0.260 [ 1.040 | 65 | 0.964 [ 0.12410.783 ]| 54 11.939]10.257(1.284 | 22 11.400{0.3600.7561141(1.26410.338]0.714 | 641

DSM Z 1.58410.149({1.249| 84 11.095(0.07910.931 |62 |1.462]10.186(1.091 (134]1.417({0.2071.0241280(1.275]0.218]0.903 | 557
Method Hat 1.270]10.092 {1.067 | 12 |1.019(0.121]0.832] 41 |1.260]0.263[{0.824 | 21 11.128 {0.20910.813 | 74 [{1.089]0.235]0.750| 141
3 Rack 1.35710.113{1.117| 3 |1.103[/0.2080.796] 17 |1.175]0.177{0.889 | 18 |1.157(0.191 | 0.858 | 38 [1.138 1 0.168 | 0.874 | 87
Stiffened C[1.220]0.061{1.050| 5 [0.946]0.236|0.651 | 36 [ 1.174|0.1760.891( 17 | 1.037(0.229|0.721 | 58 | 1.082 | 0.249 [ 0.726 | 80

All sections| 1.545 | 0.208 | 1.114 |169] 1.022 | 0.155 ] 0.799 |210| 1.444 [ 0.249 [ 0.969 [212(1.323 [ 0.279 | 0.840 |591| 1.235 | 0.284 | 0.776 | 1506
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Table 16: Difference in resistance factors between DSM Method 3 and DSM Method 1 for non-perforated columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L G G D AIL LG, G.D

method shape P v, p P Vo p P v, p P v, p P v, p
C 0.0% 0.0% 0.0% | 20.7% | 231.7% | -8.5% 0.0% 0.0% 0.0% |43.1% | 95.4% | -5.1% [ 11.1% [121.2% [-18.2%
DSM Z 1.7% 25.8% | -1.1% 0.0% 0.0% 0.0% 0.1% 0.0% 0.0% | 21.3% [251.7% | 2.0% 4.8% 52.6% | -1.1%
Method Hat 0.0% 0.0% 0.0% | 35.9% [111.0% | 3.4% 0.0% 0.0% 0.0% 0.8% 4.3% 0.3% 7.6% [150.0% |-14.7%
3 Rack 0.0% 0.0% 0.0% 9.4% [124.7% | -3.1% 0.0% 0.0% 0.0% 4.0% 75.6% 1.8% 4.9% 1100.0% | -3.0%
Stiffened C| 0.0% 0.0% 0.0% 63.8% | 200.0% | 56.4% 0.0% 0.0% 0.0% 6.3% 12.9% | -0.8% | 10.2% | 68.6% | -7.5%
All sections| 0.5% 5.5% -0.3% | 17.6% | 168.0% | -8.6% 0.0% 0.0% 0.1% 30.8% | 116.7% |-13.8% | 8.6% |109.8% |-14.1%

Table 17: Difference in resistance factors between DSM Method 3 and DSM Method 1 for non-perforated columns failing in modes LD, DG, LDG, LD+DG+LDG,

and all failure modes

School of Civil Engineering
The University of Sydney

. . Failure mode

predt'ﬁ“g” Sic“on LD DG LDG AlLD, DG, LDG ALL Failure modes

method | shape P Vp ) P Vp # P Vp 4 Pm | Vo P Pm | Vo )
C 70.1% | 100.0% | 38.7% | 4.8% | -28.3% | 11.7% | 71.6% | 55.8% | 47.6% | 46.3% [109.3%| 3.6% | 17.9% |108.6%| -14.0%

DSM Z 58.4% | 148.3% | 44.9% | 2.8% | -8.1% | 3.4% | 26.6% | 42.0% | 17.2% | 30.1% | 65.6% | 15.8% | 17.5% | 98.2% | 0.8%
Method |—Hal | 433% | 26.0% | 41.0% | 14.0% | -41.8% | 29.0% | 33.5% | 54.7% | 14.1% | 24.4% |14.8% | 19.0% | 16.1% | 55.6% | 1.8%
3 Rack | 50.8% | 61.4% | 44.9% | 10.7% | 123.7% | -4.8% | 22.8% | -17.3% | 30.2% | 19.3% | 19.4% | 13.9% | 10.8% | 34.4% | 4.8%
Stiffened C| 43.4% | -72.1% | 74.4% | 16.9% | -17.2% | 28.1% | 28.3% | -4.3% | 30.1% | 22.9% | -9.5% | 28.1% | 18.8% | -1.2% | 19.2%

Al sections| 61.3% | 94.4% | 40.3% | 8.1% | -19.7% | 14.5% | 31.8% | 45.6% | 15.6% | 31.9% | 55.9% | 11.0% | 17.3% | 83.2% | -5.8%
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Fig. 7: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 3 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 8: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 3 with classified

section types (from left to right: C, Z, Hat, Rack and Stiffened C)

2.2.3. Method 4 — LDG interaction — non-perforated

Table 18 and Table 19 present the statistics of the predictions for non-perforated columns using DSM
Method 4, i.e. LDG interaction Equations (11)-(12). The percentage differences of the statistics between DSM
Method 4 and DSM Method 1 (the AS/NZS 4600 DSM) are also given in Table 20 and Table 21. As section
Z71 did not have lips, its distortional buckling mode was non-existent, and thus it was not included in the

prediction.

DSM Method 4 in general performed similarly to DSM Method 3, which was unsatisfactory. Compared
with DSM Method1, although it increased the overall Pm value from 1.053 to 1.289, it almost doubled the

variation of the predictions and resulted in a decreased ¢ value of 0.793 compared with 0.824. In particular,
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although DSM Method 4 decreased the overall ¢ value for the L and D modes, it increased the overall ¢ value
for the LG, LD, DG and LDG modes. Of all the modes, those that benefited most from the LDG interaction
method were the LD and LDG modes which showed increases of about 40% in the values of ¢, while the
worst performing mode was the D mode with a 13.8 % decrease in the value of ¢. On the other hand, the best

and worst performing sections were Stiffened C and C sections respectively.

Fig. 9-Fig. 10 illustrate the simulation-to-predicted ratios (Pu-rem/Pn) for all non-perforated columns
classified by failure mode and section type respectively. More detailed figures for each section type can be
found in Section D.1 . Compared with Fig. 7 and Fig. 8 for DSM Method 3, the distribution of the predictions
shown in Fig. 9-Fig. 10 was very similar, though with safer predictions for some members failing in the DG
mode and overly safe predictions for the LG and LDG modes. Significant over-predictions still existed and
were mostly associated with sections S65, SC5 and SC10 failing in DG interaction. These sections featured

very small lips hence much higher distortional slenderness than local slenderness.
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Table 18: Resistance factors for non-perforated columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 4 — LDG interaction equation based on
AS/NZS 4600 DSM

dicti . Failure mode

pre |ﬁtlgn Sehctlon L LG G D AL LG G D
method | shape o ™ T VT 4 [n| Pn | Vo | 6 [N | Pn] Vo] 6 [n|Pn] Vol 4 || Pn| Vel| 6 [n
C 1.108 [ 0.135 [ 0.889 {292 1.562 | 0.248 | 1.050 | 94 | 1.026 | 0.083 | 0.869 | 34 | 1.658 1 0.424 1 0.780 | 80 | 1.276 ] 0.332 ] 0.730 |500
DSM Z 1.126 1 0.122 {0917 {147(1.239(0.110(1.023 | 16 | 1.074 |1 0.043 1 0.934 | 52 | 1.252 ] 0.204 | 0.908 | 50 | 1.146 | 0.146 | 0.907 |265
Method Hat 0.930/0.056 {0.803 | 42 ]11.455]10.28910.906] 13 |11.093/10.0130.959| 3 |1.029]10.096]10.862| 9 [1.052[0.263 [0.689 | 67
4 Rack 1.042 10.08410.882 ] 11 | 1.215]0.17810.919| 22 {1.110]0.027]0.971 ]| 8 |1.066]|0.079]10.906| 8 [1.135]0.150]0.893] 49
Stiffened C| 1.026 [ 0.072 [ 0.877 [ 10 | 1.818 | 0.100 | 1.517| 3 |1.097 | 0.006 | 0.963 | 4 [1.292]0.307]0.776 | 5 [1.207]0.273]0.776 | 22
All sections| 1.095 | 0.135 | 0.879 | 502 1.471 [ 0.256 | 0.975 [148] 1.062 | 0.062 | 0.914 | 101] 1.444 | 0.403 | 0.710 | 152] 1.212 | 0.289 | 0.755 |903

Table 19: Resistance factors for non-perforated columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 4 — LDG interaction
equation based on AS/NZS 4600 DSM

Failure mode

p:ﬁgt'ﬁggn Ssehcatl'gg LD DG LDG All LD, DG. LDG ALL Failure modes

Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.580]0.260]1.040 | 65 |10.97410.112 [ 0.802 | 54 [2.147(0.23511.477 | 22 [1.4360.37610.750 1141]1.311 | 0.348 | 0.726 | 641
DSM Z 1.58410.14911.249] 84 11.134]10.1320.913 [ 62 [1.690(0.143 |1.343 1134(1.535]0.20311.116 |280] 1.346 | 0.236 | 0.925 | 545
Method Hat 1.27010.092 11.067 ] 12 11.092 | 0.088 [ 0.922 | 41 [1.384(0.22310.973]| 21 [1.20410.18610.899 ] 74 11.132]0.230]0.786 | 141
4 Rack 1.35710.1231.117]| 3 ]11.112(0.21310.795[ 17 |11.28310.164(0.990 | 18 ]11.213[0.19310.896| 38 [1.169]0.174]10.890 [ 87
Stiffened C|1.220]0.061[(1.050| 5 |0.969[0.241]|0.660| 36 [1.380|0.1301.115f 17 [1.111]0.252(0.742 | 58 | 1.137|0.260 [ 0.749 | 80

All sections| 1.545]0.208 | 1.114 1169 1.054 [ 0.164 [ 0.813 [210[1.648 [ 0.217{1.170{212] 1.408 ] 0.281 ] 0.890 | 591 1.289 [ 0.295 [ 0.793 [ 1494

School of Civil Engineering Research Report R949 Page 33

The University of Sydney




Design of Perforated Thin-walled Steel Columns

Table 20: Difference in resistance factors between DSM Method 4 and DSM Method 1 for non-perforated columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
predt'ﬁ“g” S‘f]C“O” L LG G D AL LG, G,D
method | shape P Vp 4 P Vp P P Vo P P Vo 4 P Vp P
C 0.0% | 0.0% | 00% | 453% | 202.4% | 15.3% | 0.1% | 00% | 0.0% | 43.1% | 954% | -5.1% | 15.6% | 127.4% | -16.4%
DSM Z 1.7% | 25.8% | 1.1% | 17.7% | -24.1% | 22.7% | 0.4% | 43.3% | -0.1% | 21.3% | 251.7% | 2.0% | 6.2% | 50.5% | 0.6%
Method |—Hat 0.0% | 0.0% | 00% |39.1% | 99.3% | 9.3% | 0.0% | 00% | 0.0% | 08% | 43% | 0.3% | 8.2% |152.9% | -14.7%
. Rack | 0.0% | 0.0% | 0.0% | 11.7% |119.8% | -0.4% | 0.0% | 00% | 0.0% | 4.0% | 75.6% | 1.8% | 6.0% | 102.7% | -2.3%
Stiffened C| 0.0% 0.0% 0.0% 68.6% | 194.1% | 61.4% 0.0% 0.0% 0.0% 6.3% 12.9% -0.8% | 10.8% | 75.0% -8.6%
All sections| 0.5% 5.5% -0.3% | 37.5% | 156.0% | 9.2% 0.2% 6.9% 0.0% 30.8% | 116.7% | -13.8% | 11.7% | 118.9% | -13.6%

Table 21: Difference in resistance factors between DSM Method 4 and DSM Method 1 for non-perforated columns failing in modes LD, DG, LDG, LD+DG+LDG,

and all failure modes

School of Civil Engineering
The University of Sydney

. . Failure mode
predt'ﬁ“zn Sic“on LD DG LDG AILD, DG, LDG ALL Failure modes
method | shape P Vy # Pm Vy P P Vy # P Vy ) P Vo 4
C 70.1% | 100.0% | 38.7% | 5.9% | -35.3% | 14.4% | 90.0% | 42.4% | 69.8% | 50.1% |118.6% | 2.7% | 22.3% | 114.8% | -12.5%
DSM Z 58.4% | 148.3% | 44.9% | 6.5% | 53.5% | 1.4% | 46.3% | 9.2% | 443% | 41.0% | 62.4% | 26.2% | 24.1% |114.5% | 3.2%
Method |—Hal | 43.3% | 26.0% | 41.0% | 20.1% | -57.7% | 42.9% | 46.6% | 31.2% | 34.8% | 30.7% | 2.2% | 31.8% | 207% | 52.3% | 6.6%
. Rack | 50.8% | 61.4% | 44.9% | 11.6% | 129.0% | -4.9% | 34.1% | -23.4% | 44.9% | 25.1% | 20.6% | 19.0% | 13.8% | 39.2% | 6.7%
Stiffened C| 43.4% | -72.1% | 74.4% | 19.8% | -15.4% | 29.9% | 50.8% | -29.3% | 62.8% | 31.6% | -04% | 31.8% | 24.8% | 3.2% | 23.0%
All sections| 61.3% | 94.4% | 40.3% | 11.5% | -15.0% | 16.5% | 50.4% | 26.9% | 39.6% | 40.4% | 57.0% | 17.6% | 22.4% | 90.3% | -3.8%
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Simulations - All - all failure modes / DSM
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Fig. 9: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 4 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

3.5 Simulations - All - all failure modes / DSM
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Fig. 10: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 4 with classified

section types (from left to right: C, Z, Hat, Rack and Stiffened C)

2.2.4. Method 2 — LG and DG interaction — all

The above discussions relating to DSM Method 2, 3, and 4 have clearly demonstrated the superior
performance of DSM Method 2, in terms of reduced scatter and increased reliability, which calculates the
column strength as the minimum of the LG and DG interaction equations. These results also showed that the
inclusion of LD or LDG interaction in the strength prediction could increase the scatter significantly and also
produce overly conservative strength predictions for a large number of members, which agreed with the

finding by Schafer (2002) regarding LD interaction.

In this section, DSM Method 2 is also applied to all (non-perforated plus perforated) columns, and the

results are shown in Table 22-Table 23 for the statistics of the predictions and in Fig. 11-Fig. 12 for the
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simulation-to-predicted ratios. More detailed figures for each section type can be found in Section B.2. The
percentage differences of the statistics between DSM Method 2 and DSM Method 1 (the AS/NZS 4600 DSM)

for all columns are also given in Table 24 and Table 25.

Comparing Table 22 and Table 23 with Table 10 and Table 11 for non-perforated columns, the influence
of including DG interaction in the strength prediction was very similar between the non-perforated and all (non-
perforated plus perforated) columns. The comparison also indicates that the failure modes of perforated
columns were generally consistent with those of non-perforated columns. While the scatter (Vp) was generally
less than 0.2 for the various buckling and interactive buckling modes, as per Table 22 and Table 23, the

overall resistance factor considering all modes was 0.692.

School of Civil Engineering Research Report R949 Page 36
The University of Sydney



Design of Perforated Thin-walled Steel Columns

Table 22: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 2 — minimum of LG and DG interaction equations
based on AS/NZS 4600 DSM

Failure mode

predlﬁtlgn Sehctlon ] e G D AL LG. G.D

method | shape o VT 5 T n [ Po | Vo | 6 | n [ Po | Vel 610 [P Vel 610 | Pa] Vo] 6] n
C 1.061]0.14910.836| 6923 11.013]0.139(0.809[4245|0.872(0.144]10.691]1651{1.039]0.270]0.671]13678]1.025]0.189(0.761[16497
DSM Z 1.051]0.12210.857| 3712 10.968]0.182(0.727[1358|1.017[0.067]0.872]2548(0.877]0.14810.6921244410.989]0.144(0.785[10062
Method Hat 0.82310.115(0.676| 1414 [0.913]10.204]10.663| 494 11.071]10.057]10.924 137 10.791[0.202(0.575[ 441 [0.849]0.172]0.648| 2486
2 Rack 0.95210.10710.789( 461 [0.842]0.234{0.581]1065]0.909(0.17710.688| 383 [0.835]0.113/0.687] 391 10.874(0.192]0.647{ 2300
Stiffened C0.931(0.114(0.765| 317 |0.961[0.139]0.767| 143 |0.967(0.102{0.805| 196 |0.997]0.254[0.663 | 245 |0.961]0.171[0.735| 901
All sections|1.025]0.156[0.800(12827]0.972[0.176]0.737]7305]0.959(0.128[0.77614915]0.956 | 0.252 [0.638|7199]0.988|0.184 [ 0.740 32246

Table 23: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 2 — minimum of LG and DG
interaction equations based on AS/NZS 4600 DSM

Failure mode

p:ﬁgt'ﬁggn Ssehcatl'ge” LD DG LDG AlLLD. DG. LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 0.801{0.176(0.607{3157{0.799(0.195[0.589 | 2589 [1.038{0.231(0.720| 862 |0.831]|0.218|0.589 [ 6608 [0.969]0.216]0.689]23105
DSM Z 0.87810.132(0.707{4115{0.984(0.124[0.800| 2989 [1.059(0.149(0.834(6057]|0.9860.161|0.764(13161[0.987]0.154]0.773 123223
Method Hat 0.71410.182(0.536 585 [0.783[0.250/0.525( 1927 [0.842(0.241[0.573| 964 |10.788|0.245/0.533| 3476 [0.813]0.218]0.576| 5962
2 Rack 0.73410.106]0.609| 137 |10.876]0.208]0.632| 832 10.930]0.164[0.718]| 900 ]0.892(0.191|0.661| 1869 |0.882]0.192]0.653 | 4169
Stiffened C[0.715[0.203[0.520( 245 [0.836]0.241{0.570| 1727 (0.930/0.170{0.711{ 800 [0.853[0.228[0.594| 2772 [0.879]0.220]|0.621| 3673
All sections|0.830{0.167]0.637[8239]0.864(0.215]0.616]| 10064 [1.012]0.185]0.758{9583]0.905[0.211]0.649 [ 27886 [0.949]0.201|0.692 (60132
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Table 24: Difference in resistance factors between DSM Method 2 and DSM Method 1 for all columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L G G D AIL LG, G.D

method shape P v, p P Vo p P v, p P v, p P v, p
C 0.0% 0.0% 0.0% 2.8% 16.8% 0.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.7% 1.1% 0.4%
DSM Z 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -1.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Method Hat 0.0% 0.0% 0.0% 1.2% 0.5% 1.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.2% 1.2% 0.0%
2 Rack 0.0% 0.0% 0.0% 4.7% -5.3% 7.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 2.0% -5.0% 3.7%
Stiffened C| 0.0% 0.0% 0.0% 4.6% 0.7% 4.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.6% -0.6% 1.0%
All sections| 0.0% 0.0% 0.0% 2.4% 3.5% 1.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.6% 0.0% 0.5%

Table 25: Difference in resistance factors between DSM Method 2 and DSM Method 1 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

. . Failure mode
predt'ﬁ“g” Sic“on LD DG LDG AlLD, DG, LDG ALL Failure modes
method | shape P Vp ) P Vp # P Vp 4 Pm | Vo P Pm | Vo P
C 00% | 00% | 0.0% | 42% | 7.1% | 6.9% | 51% | 20.9% | -1.5% | 2.3% | 3.8% | 1.0% | 1.0% | 0.0% | 1.0%
DSM Z 00% | 00% | 0.0% | 2.7% | 7.5% | 4.0% | 35% |-12.9% | 6.6% | 2.4% |-3.6% | 3.2% | 1.3% |-2.5% | 1.8%
Method |—Hat 00% | 00% | 0.0% | 9.7% | -15.8% | 19.9% | 6.0% | 5.9% | 8.9% | 6.9% [-10.3%] 12.7% | 4.0% |-9.2% | 7.9%
) Rack | 00% | 00% | 0.0% | 63% | 61% | 43% | 12.6% | -13.2% | 16.9% | 8.9% | 0.0% | 8.9% | 50% | -3.5% | 6.2%
Stiffened C| 0.0% | 0.0% | 0.0% | 152% | -18.6% | 27.8% | 15.7% | -21.7% | 24.5% | 14.0% |-15.6%| 23.0% | 10.2% |-17.6%| 19.7%
Al sections| 0.0% | 0.0% | 0.0% | 65% | -13.0% | 12.6% | 54% |-11.9% | 9.9% | 4.3% | -7.0% | 7.1% | 2.2% | -5.2% | 3.9%
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Simulations - All - all failure modes / DSM
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Fig. 11: Simulation-to-predicted ratios for all columns by DSM Method 2 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 12: Simulation-to-predicted ratios for all columns by DSM Method 2 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)

2.3. Design strength proposed by Moen and Schafer (2011)

Recent research by Moen and Schafer (2011) led to a set of modified DSM equations which considers
the presence of holes. In brief, elastic buckling properties including the influence of holes (calculated by the
simplified methods (Moen and Schafer 2009)) were used to replace the elastic buckling loads in the existing
DSM provisions, while the DSM equations were modified to consider the inelastic failure caused by the

presence of holes. Of the six proposed DSM options, two of them were evaluated in this study.
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2.3.1. Method 5 - Option 2 in (Moen and Schafer 2011) — all

Design Option 2 in (Moen and Schafer 2011) (i.e. DSM Method 5 in this study) constituted using Pyn
everywhere in Equations (1)-(6) and including hole(s) in P« determinations by means of the simplified

methods proposed by Moen and Schafer (2009).

Table 26 and Table 27 present the statistics of the predictions for all columns using DSM Method 5, i.e.
Option 2 in (Moen and Schafer 2011), while their simulation-to-predicted ratios (Pu-rem/Pn) are illustrated in
Fig. 13 and Fig. 14. More detailed figures for each section type can be found in Section E.1. Section Z71 was
not included in these predictions because the approach in the simplified methods to calculate the local
buckling load required the corners of the section to be restrained, which would erroneously prevent the local
buckling mode of Z71 since this section does not have lips so its local buckling deformations involve flanges

rotating about the web-flange corners.

The results show that compared with the results obtained by DSM Method 1 presented in Table 8 and
Table 9, DSM Method 5 significantly improved the overall resistance factor ¢ from 0.666 to 0.746, although it
was still unable to reach the prescribed value of 0.85 as in the current DSM provisions. An increase in Pm and
a decrease in Vp were shown for all sections except that the value of V, for C section increased significantly
from 0.216 to 0.255. However, only Z section was satisfactorily predicted with an overall ¢ value of 0.900,
followed by that for C section of 0.750, with Stiffened C section worst predicted with a ¢ value of 0.578.
Moreover, in terms of failure mode, the mode that benefited most from considering holes in Pcr and Py was the
LD mode with an overall increase of 25.8 % in ¢, while the least influenced one was the G mode with an
overall increase of 9.3% in ¢. Meanwhile, it is interesting that the L mode only saw an overall increase of 10%

in the ¢ value.
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Table 26: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 5 — Option 2 in (Moen and Schafer 2011), i.e. Pyn

everywhere, Per (i.€. Per-1-h, Per-d-h, Per-e-n) includes the influence of holes by the simplified methods in (Moen and Schafer 2009)

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG. G.D

metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.230]0.17610.932| 6923 11.059]/0.097[0.886[4245/0.940(0.098]0.786]1651{1.396]0.305]0.8421367811.194]0.243(0.810[ 16497
DSM Z 1.199]0.12910.969| 3712 11.109]/0.087(0.937( 784 11.041(0.043[0.905]2548(1.112(0.122]0.9071244411.12710.124]0.916 9488
Method Hat 0.901/0.083(0.764 | 1414 [0.999]10.20210.727] 494 11.08710.044]10.945( 137 10.8980.175/0.682( 441 [0.930{0.147]0.735| 2486
5 Rack 1.007]0.09510.844| 461 10.883]0.219/0.626(1065/0.990(0.114(0.814] 383 [0.949]0.081]0.805] 391 ]0.937]0.169]0.718{ 2300
Stiffened C|0.985(0.100]/0.822| 317 |1.074[0.115]|0.882| 143 |1.024|0.067|0.878| 196 |1.141|0.247|0.769| 245 |1.050/0.171]0.802( 901
All sections[1.170]0.182]0.880(12827(1.033]0.143(0.8216731]1.004[0.086]0.848(4915(1.236]0.296[0.760|7199]1.130[0.221]|0.798|31672

Table 27: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 5 — Option 2 in (Moen and

Schafer 2011), i.e. Pyn everywhere, Pc (i.€. Pcr-1-h, Per-d-h, Peren) includes the influence of holes by the simplified methods in (Moen and Schafer 2009)

Failure mode

predt'ﬁ“gn Sehc“on LD DG LDG AllLD, DG, LDG ALL Failure modes
metod ) shape e " Tvo [ g [ n [P [ Vo] 6] n [ Po Vol g n|Pa| Vel 6] n [ Po] Vo] ¢ | n
C 1.000]0.185]0.748|3157[0.863[0.159]0.671| 2589 |1.202[0.228]0.839] 862 |0.972|0.219]0.688| 6608 |1.130]0.255|0.750]23105
DSM Z 1.1280.104[0.937[4115[1.028]0.095 [ 0.862 | 2989 [1.136]0.154]0.889]6057|1.109(0.135|0.890( 13161 | 1.117[0.131[0.900 | 22649
Method Hat __ |0.838]0.156(0.654] 585 |0.7860.263[0.514| 1927 [0.888]0.227]0.620| 964 |0.823]0.243]0.559| 3476 |0.868[0.212[0.622| 5962
c Rack _ |0.851[0.096[0.712] 137 [0.900[0.169]|0.690| 832 |0.921[0.181[0.693] 900 [0.907[0.173]0.691 1869 |0.923[0.171[0.705] 4169
Stiffened C [0.829]0.169[0.635| 245 [0.7920.280]0.502| 1727 |0.872]0.219]0.618| 800 |0.818[0.256[0.542 | 2772 |0.875|0.258[0.578] 3673
All sections| 1.045 [0.169]0.801[8239]0.888]0.213]0.635 | 10064 | 1.075 | 0.206 | 0.778] 9583 0.999] 0.215 [ 0.712| 27886 | 1.069 | 0.227 [ 0.746 | 59558
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Simulations - All - all failure modes / DSM
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Fig. 13: Simulation-to-predicted ratios for all columns by DSM Method 5 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 14: Simulation-to-predicted ratios for all columns by DSM Method 5 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)

2.3.2. Method 6 — Option 4 in (Moen and Schafer 2011) — all

Moen (2008) found that the last method (i.e. DSM Method 5) presented in Section 2.3.1 was not optimal
because capping the strength by Pyn missed a number of columns failing in the inelastic transition range.
Therefore, DSM Method 6, i.e. the best-performing DSM option (Design Option 4) in (Moen and Schafer 2011)

was proposed for designing perforated thin-walled steel columns and it was expressed as follows:

(i) The nominal axial strength, Pre, for flexural, torsional, or torsional-flexural buckling is

For A, <1.5: Pne=(0.658*5)Py (13)
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P (14)

2 y

C

For A4, >1.5: PHQZ(OBJJ

where 4, =,/P,/P, ., ,and P, includes the influence of holes.

(ii) The nominal axial strength, P, , for local buckling (local-global interactive buckling) is

le?

For 4, 0.776, P,,=P <P, (15)
P 0.4 P 0.4
For A_>0.776, P, = 1-0.15[ ;-'-hj [ ;—‘-h] P. <P, (16)

where 4,=\/P./P,_,, ,and P_, , includes the influence of holes.

(iii) The nominal axial strength, P, for distortional buckling is

For 4, <4, P.=P, (17)
I:>yn - Pd2
For A, <Ay < Ap, Py=P, —| 57— (/1(12 _ﬂm) (18)
Ay = A
5 06 b 06
For 4, > A4,, P,= 1-0.25( CI;d'hJ ( °|;d'h] P, (19)
y y

where 4,=\[P/P. 4. 4 =0.561(P, /P,) ,ld2=0.561(14(Py /P —13) ,

P4, includes the influence of holes, and

Ci

y

Pd2=(1—0-25(1//1d2)1‘2)(l/idz )P, 20)

All the elastic buckling loads (P__, P

cre ! " crl !

P.4) in their proposals included the influence of holes which
needed to be obtained with either general hand methods or the simplified methods developed by Moen and
Schafer (2009) based on the linear elastic Semi-Analytical Finite Strip Method (SAFSM). In (Moen and
Schafer 2009), the local buckling load was calculated by the SAFSM as the minimum of the elastic buckling
load of the unstiffened strip at the edge of holes within the hole length and the elastic local buckling load of the
gross cross-section. The distortional buckling load was calculated by the SAFSM while using proper
modifications to the element thickness to represent the effect of perforations, while the global buckling load
was predicted using approximate “weighted average” cross-sectional properties derived from classical stability
solutions. Table 28 and Table 29 present the statistics of the predictions using the above described DSM

Method 6 against all simulated columns, along with Fig. 15 and Fig. 16 illustrating the simulation-to-predicted
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ratios (Purem/Pn) classified by failure mode and section type respectively. More detailed figures regarding
each section type can be found in Section F.1. As with DSM Method 5, section Z71 was not included in the

predictions.

In general, DSM Method 6 performed better than DSM Method 5 in terms of producing a significantly
smaller scatter, as shown by its overall Vp value of 0.199 as compared to 0.227 for DSM Method 5. In
comparison to DSM Method 5, improvements mainly came from C and Z sections which showed 16.5% and
4.6% decreases in Vp respectively, as well as from the L and D modes which had 22.0% and 17.9%
decreases in Vp respectively. However, DSM Method 6 produced a slightly lower overall resistance factor ¢ of
0.726 versus that of 0.746 for DSM Method 5, as a result of a lower overall mean P (0.993 vs. 1.069). Even
for the modes (i.e. L, LG, G and D) that were covered by the current codified DSM, the overall ¢ value of
0.796 was still lower than the prescribed value of 0.85. The only section that was satisfactorily predicted was Z
section, as with DSM Method 5.

Fig. 15 and Fig. 16 show that overall, the performance of DSM Method 6 was similar to that of DSM

Method 5, with a visibly smaller scatter for C and Z sections failing in the L and D modes.
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Table 28: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 6 — Option 4 in (Moen and Schafer 2011), i.e. limit

Pnie to Pyn, transition Pnd to Pyn, Per includes the influence of holes by the simplified methods in (Moen and Schafer 2009)

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG. G.D

metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.078]0.13410.866| 6923 11.031]0.106/0.855[4245/0.940(0.098]0.786]1651{1.231]0.256]0.815]3678]1.086]0.190/0.807 (16497
DSM Z 1.067]0.11110.880| 3712 11.109]/0.087[0.936( 784 11.040(/0.045[0.90312548(1.030/0.09710.8621244411.054]10.095]/0.883 | 9488
Method Hat 0.852(0.096(0.714( 1414 [0.952]10.204]10.691| 494 11.08710.044]10.945( 137 10.866/0.169(0.664 | 441 [0.887]0.155]/0.693 | 2486
6 Rack 0.977(0.093(0.820f 461 [0.872]0.22210.614]|1065]0.990]10.114]0.814 383 |10.913/0.093(0.767( 391 [0.920{0.172]0.702] 2300
Stiffened C|0.950{0.106]0.787| 317 |1.018[0.135]|0.817| 143 |1.024|0.067]0.878| 196 |1.096|0.251|0.733| 245 |1.016/0.174]0.773[ 901
All sections[1.043]0.142]0.830(12827(1.009]0.148(0.7966731]1.0030.086]0.847(4915{1.119]0.243(0.759]7199|1.047|0.174]|0.796|31672

Table 29: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 6 — Option 4 in (Moen and

Schafer 2011), i.e. limit Pnye to Pyn, transition Png to Pyn, Per includes the influence of holes by the simplified methods in (Moen and Schafer 2009)

dicti Secti Failure mode
p:ﬁet'ﬁggn Sehcatl'gg LD DG LDG AILLD, DG, LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 0.88110.187(0.65713157(0.836]0.174]10.636| 2589 [(1.060]0.22410.744] 862 |10.887]10.206]0.641 | 6608 [1.029]0.213]0.736]23105
DSM Z 0.99910.122(0.81414115(/0.99810.109]0.825| 2989 [(1.0640.159]0.82716057]1.029]0.143]0.817(13161(1.039]/0.125]0.844]22649
Method Hat 0.775]10.176/0.588| 585 [0.760]0.278]10.483( 1927 [0.837]0.240)10.572] 964 10.78410.256]0.520( 3476 [0.827]0.223]10.582( 5962
6 Rack 0.82410.101{0.687| 137 [0.880]/0.180]0.663| 832 [0.895]|0.187]0.667] 900 |0.883]10.181|0.665| 1869 [0.903]|0.177]0.684| 4169
Stiffened C[0.795]0.187]0.593| 245 [(0.775]/0.286]0.486| 1727 |0.854(0.214{0.609{ 800 |0.800]0.260|0.526| 2772 |0.853[0.260{0.561{ 3673
All sections|{0.929(0.172{0.708]8239]0.863|0.223{0.606| 10064 |1.008]0.201(0.735[9583]0.932]0.211(0.669| 27886 0.993]0.199|0.726 [ 59558
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Simulations - All - all failure modes / DSM
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Fig. 15: Simulation-to-predicted ratios for all columns by DSM Method 6 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - All - all failure modes / DSM
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Fig. 16: Simulation-to-predicted ratios for all columns by DSM Method 6 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)

3. Modified DSM

In addition to DSM Method 1 to 6 which have been documented in the literature, this study also
experimented with a series of new methods based on the DSM to search for an optimal method which should
be able to simultaneously consider the effects of perforation and interactive buckling. Specifically, such a
method should produce the smallest scatter (represented by the smallest Vp) and also a resistance factor ¢

higher than 0.85 in most cases.
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The methods evaluated in the following sections feature either simple modifications to the AS/NZS 4600
DSM, or simplifications to Option 4 of (Moen and Schafer 2011), or regression analyses based on Option 4 of
(Moen and Schafer 2011).

3.1. Modification to AS/NZS 4600 DSM by using Pyn

Two methods are presented in this section which were based on the use of Pyn in the current codified
DSM.

3.1.1. Method 7 — all

DSM Method 7 constitutes replacing Py by Pyn everywhere in Equations (1)-(6) with Pcr obtained from the

SAFSM or theoretical methods without considering holes.

The performance of DSM Method 7 is shown in Table 30 and Table 31 for the statistics of the predictions
and in Fig. 17-Fig. 18 for the simulation-to-predicted ratios for all columns. More detailed figures regarding the

simulation-to-predicted ratios for each section are provided in Section G.1.

The results show that, compared with the current DSM (Method 1), Method 7 improved the overall
resistant factor ¢ from 0.666 to 0.711, which was mainly attributed to the increase in the overall simulation-to-
predicted mean Pm from 0.929 to 1.017 while the overall variation of the predictions Vp increased slightly from
0.212 to 0.226.

A comparison between Method 7 and Method 5 (which considered the effect of holes in Per) was also
made by presenting in Table 32 and Table 33 the differences between their statistics. In general, Method 7
performed slightly worse when comparing its overall gvalue of 0.711 against 0.746 (4.7% difference) for
Method 5, which was mainly due to the fact that Method 7 consistently produced a lower overall mean Pm
(4.9% lower). In addition, the difference in the values of ¢ also suggests that the section most adversely
affected by ignoring holes in Pc determinations was Rack section (9.4% decrease in ¢), while the least
affected one was C section with a 2.7 % decrease in ¢. Similarly, the G mode was the most adversely affected
failure mode with an 8.4% decrease in ¢, and more noticeably, a large increase (48.8%) in Vp. On the
contrary, the L mode was the least affected mode experiencing only a 0.3% drop in ¢, while the D mode was
moderately influenced with its ¢ value showing a 3% decrease (however, the 12.5% decrease in Vp suggests
that considering holes in P caused a larger scatter). These data clearly suggest that including holes in the
determination of Pcr for global buckling was most effective in reducing the scatter and increasing ¢, while it
resulted in hardly any difference in the results when holes were considered in P for local buckling, and it was
inconclusive regarding the effect of considering holes in Pc for distortional buckling. In other words,
determining P as per the simplified methods proposed by Moen and Schafer (2009) performed best for
global buckling, followed by distortional buckling and then local buckling. The latter result is mainly because in
most cases the values of P for local buckling as per the simplified methods were the same for non-perforated
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and perforated members. It follows that there is no benefit to be gained by determining Pcr for local and
distortional buckling as per the simplified methods and hence, the simplified methods are not considered for

local and distortional buckling hereon in deriving an optimal DSM for perforated columns.
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Table 30: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 7 — AS/NZS 4600 DSM with Pyn everywhere and Pc

based on gross area (i.e. Pcr-1-nh, Per-d-nh, Per-e-nh)

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG. G.D

metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.229]0.17710.931| 6923 11.015]/0.109/0.839[4245/0.872(0.144]10.691]1651(1.242]10.268]10.805]367811.141]0.225(0.799[16497
DSM Z 1.19810.130]10.968| 3712 10.984]0.165/0.758[1358[1.018[0.066]0.874]12548({1.020]0.110]0.8421244411.080]0.146(0.855[10062
Method Hat 0.896(0.089(0.756( 1414 [0.955]0.19210.706| 494 11.071]10.057]10.924( 137 10.8560.173[0.652( 441 [0.910{0.142]0.723| 2486
7 Rack 1.007]0.09510.844| 461 10.816]0.242[0.555[/1065]/0.909(0.177[0.688| 383 [0.880(0.090]0.741] 391 |0.881]0.198]0.645( 2300
Stiffened C|0.980{0.107]0.812| 317 |0.970[0.120]|0.792| 143 |0.967|0.102|0.805| 196 |1.050|0.2360.722| 245 |0.995[0.162]0.770( 901
All sections[1.169]0.183]0.877[12827[0.975]0.162(0.755]7305]0.960/0.12810.777(4915{1.117]0.259(0.737 7199 1.082 [ 0.213|0.774 | 32246

Table 31: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 7 — AS/NZS 4600 DSM with Pyn

everywhere and Pcr based on gross area (i.e. Pcr-1-nh, Per-d-nh, Per-e-nh)

Failure mode

p:ﬁgt'ﬁggn Ssehcatl'ge” LD DG LDG AILLD. DG. LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 0.935]10.175/0.710]315710.812(0.179]0.614| 2589 ]1.133/0.175]0.860| 862 [0.913]0.210/0.656| 6608 |1.076/0.243]10.730]23105
DSM Z 1.019/0.105]0.845|4115(1.006]0.104(0.836] 2989 [1.097]0.158(0.854]16057]1.052({0.140]0.839({13161(1.064]0.143]0.845(23223
Method Hat 0.77310.161[0.600| 585 10.744(0.27810.474| 1927 10.84410.243]10.573]| 964 (0.777]0.257]0.514] 3476 [0.832[0.223]10.585| 5962
7 Rack 0.758]0.100]0.633| 137 10.847]0.183/0.635f 832 ]0.852|0.183(0.640] 900 |0.843]10.181]0.634| 1869 |0.864]0.192]0.639{ 4169
Stiffened C[0.7460.186]0.557| 245 |0.742]0.289(0.463| 1727 {0.821]0.219]0.581 | 800 |0.765|0.264[0.500| 2772 |0.821{0.264(0.537| 3673
All sections[0.957/0.163]0.740(8239]0.847]0.231[0.587] 10064 [1.029]0.208]0.742(9583]0.942|0.219/0.667| 27886 1.017{0.226(0.711|60132
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Table 32: Difference in resistance factors between DSM Method 7 and DSM Method 5 for all columns failing in modes L, LG, G, D, and L+LG+G+D

dicti Secti Failure mode
prr]fet'ﬁggn Si‘;";” L LG G D AlL LG, G,D
P P Vp 4 P Vp P Pn Vo P P Vo 4 P Vv, P
C 01% | 06% | -01% | -42% | 12.4% | -53% | -7.2% | 46.9% |-12.1% |-11.0% | -12.1% | -4.4% | -4.4% | -7.4% | -1.4%
DSM Z 01% | 0.8% | -01% |-11.3% | 89.7% |-19.1% | -2.2% | 53.5% | -3.4% | -83% | -9.8% | -7.2% | -4.2% | 17.7% | -6.7%
Method Hat 06% | 7.2% | -1.0% | -4.4% | -5.0% | -2.9% | -1.5% | 295% | 2.2% | -4.7% | -1.1% | -4.4% | -2.2% | -3.4% | -1.6%
Rack 0.0% | 00% | 00% | -7.6% | 105% |-11.3% | -8.2% | 553% |-155% | -7.3% | 11.1% | -8.0% | -6.0% | 17.2% | -10.2%
7
Stiffened C| -0.5% 7.0% -1.2% -9.7% 4.3% -10.2% | -5.6% 52.2% -8.3% -8.0% -4.5% -6.1% -5.2% -5.3% -4.0%
All sections| -0.1% 0.5% -0.3% -5.6% 13.3% -8.0% -4.4% 48.8% -8.4% 9.6% | -12.5% | -3.0% -4.2% -3.6% -3.0%

Table 33: Difference in resistance factors between DSM Method 7and DSM Method 5 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

School of Civil Engineering
The University of Sydney

- . Failure mode
prediction|  Section LD DG LDG Al LD, DG, LDG ALL Failure modes
method shape
Pm Vp ¢ Pm Vp ¢ Pm Vp ¢ Pm VP ¢ Pm VP ¢
C -6.5% -5.4% -5.1% | -5.9% 12.6% | -85% | -5.7% [ -23.2% | 2.5% -6.1% | -41% | -4.7% | -4.8% | -4.7% | -2.7%
DSM Z -9.7% 1.0% -9.8% | -2.1% 9.5% -3.0% | -3.4% 2.6% -3.9% | -5.1% | 3.7% | -5.7% | -4.7% | 9.2% | -6.1%
Method Hat -7.8% 3.2% -8.3% | -5.3% 5.7% -7.8% | -5.0% 7.0% -7.6% | -5.6% | 5.8% | -8.1% | -4.1% | 5.2% | -5.9%
7 Rack -109% | 4.2% -11.1% | -5.9% 8.3% -8.0% -7.5% 1.1% -7.6% -7.1% | 4.6% | -8.2% -6.4% 112.3% | -9.4%
Stiffened C| -10.0% | 10.1% [-12.3% | -6.3% 3.2% -7.8% -5.8% 0.0% -6.0% -6.5% | 3.1% | -7.7% -6.2% | 2.3% | -7.1%
All sections| -8.4% -3.6% -7.6% | -4.6% 8.5% -7.6% | -4.3% 1.0% -4.6% | -5.7% | 1.9% | -6.3% | -4.9% | -0.4% | -4.7%
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Simulations- All - all failure modes / DSM
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Fig. 17: Simulation-to-predicted ratios for all columns by DSM Method 7 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

. Simulations - All - all failure modes / DSM
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Fig. 18: Simulation-to-predicted ratios for all columns by DSM Method 7 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)

3.1.2. Method 8 — all

DSM Method 8 differed from DSM Method 7 in that Py did not replace Py in the slenderness in Equations
(1)-(6), therefore 4, =/P,/P, .., and 4,=,/P /P, ., were used. Otherwise it was the same as Method 7
such that Pyn was used elsewhere and P« was based on gross area. This option was explored because the
figures in Section 4.4.2.5 plotting P, ..,,/P,, against (Pyg/F’cr_m,[)0'5 showed that this approach could further
raise the overall resistance factor of the prediction compared with plotting P, /P, against (P, /P,y ).

The statistics of the predictions by DSM Method 8 are tabulated in Table 34 and Table 35, while their
percentage differences between DSM Method 7 are given in Table 36 and Table 37. In addition, Fig. 19 and
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Fig. 20 illustrate the simulation-to-predicted ratios (Pu-rem/Pn) for all columns classified by failure mode and

section type respectively.

Comparisons with Method 7 showed that the exclusion of Pyn in the calculations of the slenderness (i.e.
A., A, and A,) raised the overall resistance factor ¢from 0.711 to 0.755 (by 6.2%) due to an increase in the
overall simulation-to-predicted mean Pm by 11.5%, although the overall scatter of the predictions represented
by Vp increased by 12.4%. This increase in the value of Vp mainly came from C and Z sections which showed
13.2% and 7.7% increases in the values of V, respectively, while the scatter was reduced slightly by 2.7%,
7.8% and 4.2% for Hat, Rack and Stiffened C sections, respectively. Moreover, in terms of failure mode,
Method 8, compared with Method 7, seemed to be most beneficial to the G mode which saw a marked
increase of 22.8% in the overall value of ¢, as opposed to the D mode which had a significant increase of
39.4% in the overall value of Vp (which was quite noticeable comparing Fig. 19 and Fig. 17) and also a

decrease of 5.7% in the overall value of ¢.

In addition, if the statistics by Method 8 are compared with those (Table 26 and Table 27) for Method 5
(i.,e. Option 2 in (Moen and Schafer 2011) that used Py, in all equations and included hole(s) in Per
determinations), one can find that these two methods produced similar resistance factors (0.755 vs. 0.746),
although Method 8 resulted in a higher scatter in the predictions as shown by the values of V, (0.254 vs.
0.227).
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Table 34: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 8 — AS/NZS 4600 DSM with Py in the slenderness,

Pyn elsewhere and Pcr based on gross area

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG. G.D

metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.229]0.17710.931| 6923 11.234]0.142(0.981[424511.117[0.105]0.927]1651(1.496]0.367]0.795]1367811.278]0.261[0.840[ 16497
DSM Z 1.19810.13010.968| 3712 11.221]0.206/0.883[1358(1.294(0.109]1.070]2548{1.138]0.159]0.885]244411.211]0.151/0.952[10062
Method Hat 0.896(0.089(0.756| 1414 [1.005]0.206]0.726] 494 11.183]10.050]/1.025( 137 10.890/0.172(0.679( 441 [0.932[0.159]0.725| 2486
3 Rack 1.007]0.09510.844| 461 ]10.863]0.221[0.609({1065/0.985(0.144(0.781] 383 [0.905[0.082]10.767] 391 10.919]0.178]0.695( 2300
Stiffened C|0.980{0.107]0.812| 317 |1.039[0.104]|0.863| 143 |1.044|0.070/0.894| 196 |1.100]0.239]|0.752| 245 |1.036/0.161]0.803[ 901
All sections[1.169]0.183]0.877[12827[1.158]0.206(0.838]7305]1.198(0.140]0.954 ({4915{1.292]0.361[0.695]7199|1.198|0.246|0.809 | 32246

Table 35: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 8 — AS/NZS 4600 DSM with Py

in the slenderness, Pyn elsewhere and P based on gross area

Failure mode

predt'ﬁ“gn Sehc“on LD DG LDG AllLD, DG, LDG ALL Failure modes
metod ) shape e " Tvo [ g [T n [ Pe [ Vol 6] n [Po | Vol 6 n | Pa Vel 6] n [Pa]Ve] ¢ | n
C 1.011]0.231]0.701|3157]0.953|0.167]0.733] 2589 |1.282]0.248(0.862| 862 |1.024]0.239|0.700| 6608 |1.206|0.275|0.772 | 23105
DSM Z 1.157[0.145[0.916|4115[1.194]0.138[0.955 | 2989 [1.2650.160]0.982 6057 1.215[0.1570.948 [ 13161 [ 1.214[0.154|0.950[ 23223
Method Hat __ |0.839]0.160[0.651] 585 0.813]0.265]0.530] 1927 |0.898(0.242|0.611| 964 |0.841[0.247]0.567| 3476 |0.879]0.217|0.625] 5962
8 Rack _ |0.788[0.097[0.659| 137 [0.887]0.171]0.678] 832 |0.880]0.175]0.669] 900 [0.876[0.172[0.669] 1869 |0.900|0.177]0.682] 4169
Stiffened C [0.785]0.1660.604] 245 |0.789]0.281]0.499| 1727 |0.870]0.201 [0.634] 800 [0.812[0.253[0.541] 2772 |0.867|0.253]0.578] 3673
All sections| 1.062[0.210]0.763[8239]0.964 | 0.253 | 0.642 | 10064 | 1.161|0.235 | 0.800| 9583 | 1.061 [ 0.247[0.715 | 27886 | 1.134| 0.254 | 0.755 | 60132
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Table 36: Difference in resistance factors between DSM Method 8 and DSM Method 7 for all columns failing in modes L, LG, G, D, and L+LG+G+D

Failure mode

prediﬁ“g” S‘f]C“O” L LG G D AL LG, G,D
method | shape ™5 =T/, p Pn | Vo y P v, P Pn | Vo p Pn | Vo p

C 0.0% | 00% | 0.0% | 21.6% | 30.3% | 16.9% | 28.1% | 27.1% | 34.2% | 20.5% | 36.9% | -1.2% | 12.0% | 16.0% | 5.1%

S Z 0.0% | 0.0% | 0.0% | 24.1% | 24.8% | 16.5% | 27.1% | 65.2% | 22.4% | 11.6% | 44.5% | 51% | 12.1% | 3.4% | 11.3%

Method | —Hat | 0.0% | 0.0% | 0.0% | 52% | 7.3% | 2.8% | 10.5% | -12.3% | 109% | 4.0% | -0.6% | 4.1% | 2.4% | 12.0% | 0.3%

o Rack | 0.0% | 0.0% | 00% | 58% | -8.7% | 9.7% | 8.4% | -18.6% | 13.5% | 2.8% | -8.9% | 3.5% | 4.3% | -10.1% | 7.8%

Stiffened C| 0.0% 0.0% 0.0% 7.1% -13.3% 9.0% 8.0% -31.4% 11.1% 4.8% 1.3% 4.2% 4.1% -0.6% 4.3%

All sections| 0.0% 0.0% 0.0% 18.8% 27.2% 11.0% | 24.8% 9.4% 22.8% | 15.7% | 39.4% -5.7% 10.7% 15.5% 4.5%

Table 37: Difference in resistance factors between DSM Method 8and DSM Method 7 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

School of Civil Engineering
The University of Sydney

Research Report R949

. . Failure mode
predt'ﬁ“g” Sic“on LD DG LDG AlLD, DG, LDG ALL Failure modes
method | shape P Vp ) P Vp # P Vp 4 P Vp P P Vp P
C 81% | 32.0% | -1.3% | 17.4% | -6.7% | 19.4% | 13.2% | 41.7% | 02% | 12.2% |13.8% | 6.7% | 12.1% |13.2% | 5.8%
DSM Z 13.5% | 38.1% | 8.4% | 18.7% | 32.7% | 14.2% | 153% | 1.3% | 15.0% | 15.5% | 12.1% | 13.0% | 14.1% | 7.7% | 12.4%
Method |—Hat 85% | -06% | 85% | 93% | -4.7% | 11.8% | 6.4% | 04% | 6.6% | 8.2% |-3.9% | 103% | 5.6% |-2.7% | 6.8%
8 Rack 4.0% -3.0% 4.1% 4.7% -6.6% 6.8% 3.3% -4.4% 4.5% 3.9% -5.0% 5.5% 4.2% -7.8% 6.7%
Stiffened C| 5.2% -10.8% 8.4% 6.3% -2.8% 7.8% 6.0% -8.2% 9.1% 6.1% -4.2% 8.2% 5.6% -4.2% 7.6%
All sections| 11.0% 28.8% 3.1% 13.8% 9.5% 9.4% 12.8% 13.0% 7.8% 12.6% | 12.8% 7.2% 11.5% | 12.4% 6.2%
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Simulations - All - all failure modes / DSM

o] 10000 20000 30000 40000 50000 60000
Specimen No.

Fig. 19: Simulation-to-predicted ratios for all columns by DSM Method 8 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

4.5 Simulations - All - all failure modes / DSM

I:)u-FEM/Pn

(0] 10000 20000 30000 40000 50000 60000
Specimen No.

Fig. 20: Simulation-to-predicted ratios for all columns by DSM Method 8 with classified section types

(from left to right: C, Z, Hat, Rack and Stiffened C)

3.2. Modification to the DSM by Moen and Schafer (2011)

Of the previously explored design methods (i.e. DSM Method 1, 5, 6, 7, and 8) which did not consider
interactive buckling except LG interaction, Method 6 (i.e. Option 4 in (Moen and Schafer 2011) presented in
Section 2.3.2) produced the lowest scatter in the predictions as indicated by its overall Vp value of 0.199,
compared to 0.212, 0.227, 0.226 and 0.254 for Methods 1, 5, 7 and 8, respectively. As the primary concern for
an accurate design method is its ability to produce small variation in the predictions, Method 6 was chosen as

the basis for all subsequent explorations.
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3.2.1. Methods 9-12 — simple modifications — all

Options were first sought to simplify DSM Method 6. As shown in Equations (13)-(20), the design
expressions employed the elastic buckling properties including the influence of holes in order to calculate the
design strength of the column. This requires the designer to spend considerable time in modifying the original
cross-section, calculating the weighted cross-sectional properties, performing a series of elastic buckling
analyses by the SAFSM, identifying the minimum of buckling loads, before finally obtaining the required elastic
buckling loads. This approach could impede the design efficiency especially if the inclusion of such elastic
buckling loads would not significantly improve design accuracy. In addition, the modified distortional buckling
strength prediction equations, i.e. Equations (17)-(20), also require more calculating time. In view of these
considerations, four simple modifications to DSM Method 6, i.e. the Option 4 proposed by Moen and Schafer

(2011), were first evaluated as follows:

0] DSM Method 9 - Madification 1: replacing the Pcre-n in Equations (13)-(14) by Pcr-e-nn

for the gross section.

(i) DSM Method 10 - Modification 2: replacing the Pcr-1-n in Equations (15)-(16) by Pcr-1-nn

for the gross section.

(iii) DSM Method 11 - Modification 3: replacing the Pcr.g-h in Equations (17)-(20) by Pcr-g-nh

for the gross section.

(iv) DSM Method 12 - Modification 4: replacing the Equations (17)-(20) for distortional
buckling by the Equations (5)-(6) as in the AS/NZS 4600 DSM, but capping the predicted strength

Pnd to Pyn when A, <0.561 and using Pcr-a-h which includes the influence of holes.

The statistics of the predictions using DSM Methods 9-12 are tabulated in Table 39 -Table 40, Table 43-
Table 44, Table 47-Table 48, and Table 51-Table 52, respectively. The percentage differences between the
statistics for DSM Methods 9-12 and DSM Method 6 (i.e. Option 4 proposed by Moen and Schafer (2011)) are
given in Table 41-Table 42, Table 45-Table 46, Table 49-Table 50, and Table 53-Table 54, respectively.

The results for DSM Method 9 (Table 39-Table 42) show that replacing Pcre-h by Pcrenn in Method 6 only
slightly adversely affected the predictions, as indicated by a decrease of 1.4% in the overall value of Pm, an
increase of 5 % in the overall value of Vp, and a decrease of 3.0% in the overall value of ¢. In particular, this
modification only influenced the predictions for the G, LG, DG and LDG modes, of which the G mode was
most adversely affected with a considerable 48.8% increase in Vp and a 8.4% decrease in ¢. In addition, the
section most adversely affected by this method was Rack section as shown by a 6.7% decrease in ¢, while

the least affected section was Z section with a 1.3% decrease in ¢.
As for Method 10 (Table 43-Table 44), the comparison with Method 6 (Table 45-Table 46) shows that this

method virtually made no difference to the strength predictions with a decrease of only 0.1% in the overall
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value of ¢. This was because in most cases the simplified methods produced the same elastic local buckling

loads between non-perforated and perforated members.

In addition, the results for Method 11 (Table 47-Table 50) demonstrate that although replacing Pecr.a-h by
Pcr-anh reduced the overall resistance factor ¢ by 2.1%, the overall value of Vp favourably decreased by 3.5%.
This reduced scatter in prediction was observed for a majority of individual sections and failure modes,
especially for C section which showed a significant decrease of 10.8% in the overall Vp. In contrast, Z section
was most adversely affected in that it had an increase of 8.8% in the overall Vp. However, a close examination
revealed that the maximum increase in Vp for each individual mode of Z section was only 2.5% (in the LDG
mode), which implied that the higher increase in the overall value of V, mainly came from differences in the
mean values Pm between different modes. In addition, of all modes, the LD mode was most adversely affected

in terms of the decrease in ¢ (7.6%), while the D mode benefited most in terms of the decrease in Vp (17.7%).

With regards to Method 12, Table 51-Table 54 clearly show that reverting to using the distortional
strength equations (5)-(6) as in the AS/NZS 4600 DSM significantly decreased the accuracy of the predictions
concerning members failing in the D mode, as shown by the 11.1% increase in Vp and 7.8% decrease in 4.
Otherwise, this method had a very slight influence on the LD mode, and almost no influence on the other

modes.

Moreover, two figures are also provided for each method to illustrate the simulation-to-predicted ratios
(Pu-rem/Pn), as shown in Fig. 21-Fig. 22, Fig. 23-Fig. 24, Fig. 25-Fig. 26, and Fig. 27-Fig. 28 for DSM Methods
9-12 respectively. In comparison with the corresponding figures for DSM Method 6 (Fig. 15 and Fig. 16), very
subtle differences are seen in the figures for Methods 9, 10 and 12, whereas it was obvious to see a reduced

variation in the Purem/Pn ratios for the D mode obtained by Method 11.

The overall statistics of the predictions by DSM Methods 9-12 are also summarised in Table 38. The
results suggest that if one wishes to use the original design method, i.e. Option 4, proposed by Moen and
Schafer (2011), it may not be necessary to calculate (i) the local buckling load as per the simplified methods
(Moen and Schafer 2009) because DSM Method 10 has shown that using the local buckling load based on the
gross section produced virtually the same results, and (ii) the distortional buckling load as per the simplified
methods (Moen and Schafer 2009) because DSM Method 11 has shown that using the distortional buckling

load based on the gross section produced a smaller scatter (Vp=0.192) in the predictions.
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Table 38: Summary of resistance factors by DSM Methods 9-12

Prediction method Classificatio Pm Vp ¢ n

n

(,[\’Ai';"n'\gﬁghg‘ifa};”%‘lal') All columns | 0.993 | 0.199 | 0.726 | 59558

DSM Method 9 - modification 1 to
(Moen and Schafer 2011)

DSM Method 10 - modification 2 to
(Moen and Schafer 2011)

DSM Method 11 - modification 3 to
(Moen and Schafer 2011)

DSM Method 12 - modification 4 to
(Moen and Schafer 2011)

All columns| 0.979 | 0.209 | 0.704 | 59558

All columns| 0.992 | 0.200 | 0.725 | 59558

All columns| 0.961 | 0.192 | 0.711 | 59558

All columns| 0.986 | 0.203 | 0.716 | 59558
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Table 39: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 9 — Modification 1 to Option 4 in (Moen and Schafer

2011) — replace Pcre-h by Por-enn

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG. G.D

metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.078]0.13410.866| 6923 10.991]0.119/0.810[{4245/0.872(0.144]10.691]1651({1.231]0.256]0.815]3678]1.069]0.204(0.776 (16497
DSM Z 1.067]0.11110.880| 3712 11.089]0.102(0.907( 784 11.017(0.068[0.87212548(1.030/0.097]0.8621244411.046]0.100]|0.872| 9488
Method Hat 0.852(0.096(0.714( 1414 [0.94210.213]10.673]| 494 11.071]10.057]10.924( 137 10.8660.169(0.664 | 441 [0.884[0.156]0.690| 2486
9 Rack 0.977(0.093/0.820f 461 [0.823]10.265]0.537]/1065]0.909]10.177]0.688| 383 10.913/0.093(0.767( 391 [0.884[0.205]0.640] 2300
Stiffened C|0.950{0.106]0.787| 317 |1.018[0.135]|0.817 143 |0.967|0.102[0.805| 196 |1.096|0.251|0.733| 245 |1.004/0.181]0.756| 901
All sections[1.043]0.142]0.830(12827[0.973]0.167(0.74716731]0.959/0.128]0.776(4915{1.119]0.243(0.759]7199]1.032|0.186]|0.771|31672

Table 40: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 9 — Modification 1 to Option 4 in

(Moen and Schafer 2011) — replace Pcre-h by Pcr-enn

Failure mode

p:ﬁgt'ﬁggn Ssehcatl'ge” LD DG LDG AILLD. DG. LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 0.88110.187(0.6571315710.794(0.190]0.589| 2589 11.048(0.234]0.723| 862 [0.869]0.219|0.615| 6608 |1.012(0.226]0.707]23105
DSM Z 0.99910.12210.81414115]0.985/0.119]0.805| 2989 ]1.055/0.165]0.813|6057(1.02210.148(0.806]13161]1.032(0.130]0.833]22649
Method Hat 0.77510.176/0.588| 585 10.733(0.283]0.462| 1927 10.828|0.246]0.559| 964 [0.766]0.262|0.503 | 3476 [0.815/0.22810.568| 5962
9 Rack 0.82410.101]0.687| 137 10.845]0.204|0.613| 832 ]0.886/0.194[0.654] 900 |0.863]10.195]|0.635] 1869 |0.874]0.201]0.638 4169
Stiffened C[0.795/0.187]0.593 245 |0.754]0.286[0.472| 1727 {0.838]0.231]0.581| 800 |0.782]0.265[0.509| 2772 |0.836{0.267(0.543| 3673
All sections[0.929(0.172(0.708 (8239(0.836/0.236[0.575[ 10064 | 0.9980.208|0.719|9583|0.9190.220|0.649 [ 27886 | 0.979[0.209 | 0.704 | 59558
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Table 41: Difference in resistance factors between DSM Method 9 and DSM Method 6 for all columns failing in modes L, LG, G, D, and L+LG+G+D

Failure mode

prediﬁ“g” S‘f]C“O” L LG G D AL LG, G,D

method | shape ™5 =T/, p Pn | Vo y P v, P Pn | Vo p Pn | Vo y
C 0.0% | 00% | 0.0% | 3.9% | 12.3% | 53% | 72% | 46.9% |-12.1% | 0.0% | 00% | 00% | -1.6% | 7.4% | -3.8%
S Z 0.0% | 0.0% | 0.0% | -1.8% | 17.2% | 3.1% | 2.2% | 51.1% | -3.4% | 0.0% | 0.0% | 00% | -0.8% | 53% | -1.2%
Method | —Hat | 0.0% | 0.0% | 0.0% | -1.1% | 4.4% | 2.6% | -1.5% | 29.5% | -2.% | 0.0% | 0.0% | 0.0% | 0.3% | 0.6% | -0.4%
o Rack | 0.0% | 0.0% | 0.0% | -5.6% | 19.4% |-12.5% | -8.2% | 55.3% |-155% | 0.0% | 0.0% | 0.0% | -3.9% | 19.2% | -8.8%
Stiffened C| 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -5.6% 52.2% -8.3% 0.0% 0.0% 0.0% -1.2% 4.0% -2.2%
All sections| 0.0% 0.0% 0.0% -3.6% 12.8% -6.2% -4.4% 48.8% -8.4% 0.0% 0.0% 0.0% -1.4% 6.9% -3.1%

Table 42: Difference in resistance factors between DSM Method 9 and DSM Method 6 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

Failure mode

predt'ﬁ“gn Sic“on LD DG LDG AlLD, DG, LDG ALL Failure modes
method | shape P Vo 4 P Vo 4 P Vy P P Vp ) P Vp P
C 0.0% | 0.0% | 0.0% | 5.0% | 92% | 7.4% | 1.1% | 45% | 2.8% | 2.0% | 63% | 4.1% | -1.7% | 6.1% | -3.9%
DSM Z 0.0% | 00% | 0.0% | -13% | 92% | 2.4% | -0.8% | 3.8% | -1.7% | -0.7% | 3.5% | -1.3% | 0.7% | 4.0% | -1.3%
Method |—Hat 0.0% | 00% | 0.0% | 36% | 1.8% | 43% | 1.1% | 2.5% | 2.3% | 2.3% | 2.3% | -3.3% | -1.5% | 2.2% | -2.4%
9 Rack 0.0% 0.0% 0.0% -4.0% 13.3% -7.5% -1.0% 3.7% -1.9% -2.3% 7.7% -4.5% -3.2% | 13.6% | -6.7%
Stiffened C| 0.0% 0.0% 0.0% -2.7% 0.0% -2.9% -1.9% 7.9% -4.6% -2.3% 1.9% -3.2% -2.0% 2.7% -3.2%
All sections| 0.0% | 0.0% | 0.0% | -3.1% | 58% | -5.1% | -1.0% | 3.5% | 2.0% | -1.4% | 4.3% | -3.0% | -1.4% | 5.0% | -3.0%
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Table 43: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 10 — Modification 2 to Option 4 in (Moen and Schafer

2011) — replace Pecr-1-h by Per-1-nh

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG. G.D

metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.077]0.135]10.865| 6923 11.031]0.106/0.855[4245/0.940(0.098]0.786]1651{1.231]0.256]0.815]3678]1.086]0.190/0.806 [ 16497
DSM Z 1.066]0.11110.880| 3712 11.109]/0.087[0.936( 784 11.040(/0.045[0.90312548(1.030/0.097]10.8621244411.053]10.094]0.883 | 9488
Method Hat 0.848(0.102(0.706| 1414 [0.950]0.20710.686| 494 11.08710.044]10.945( 137 10.8660.169(0.664 | 441 [0.885]0.159]0.688| 2486
10 _Rack 0.977(0.093(0.820f 461 [0.872]0.22210.614]|1065]0.990]10.114]0.814 383 |10.913/0.093(0.767( 391 [0.920{0.172]0.702] 2300
Stiffened C|0.945(0.113]0.778| 317 |1.018[0.135]|0.817 143 |1.024|0.067/0.878| 196 |1.096|0.251|0.733| 245 |1.015/0.176]0.769( 901
All sections[1.042]0.143]0.828(12827(1.009]0.149(0.795|6731]1.003[0.086]0.847(4915{1.119]0.243(0.759]7199|1.046|0.175]|0.795|31672

Table 44: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 10 — Modification 2 to Option 4

in (Moen and Schafer 2011) — replace Pcr-1-h by Per-1-nn

Failure mode

predt'ﬁ“gn Sehc“on LD DG LDG AllLD, DG, LDG ALL Failure modes
metod ) shape e " Tvo [ g [ n [P [ Vo] 6] n [ Po Vol g n|Pa| Vel 6] n [ Po] Vo] ¢ | n
C 0.881[0.187[0.657[3157(0.8360.174]0.636| 2589 | 1.060]0.224|0.743| 862 0.887[0.206|0.641| 6608 |1.029|0.213[0.735 23105
DSM Z 0.999(0.1220.814[4115]0.998]0.109]0.825] 2989 [1.064]0.159]0.827|6057]1.029]0.143[0.817| 13161 [1.039]0.125 [ 0.844 | 22649
Method Hat __ |0.775]0.177]0.586] 585 |0.758]|0.280]0.480] 1927 [0.826]0.254]0.550| 964 |0.780]0.260]0.513| 3476 |0.823[0.227[0.575] 5962
10 Rack _|0.824]0.101[0.687] 137 [0.880[0.180]0.663| 832 [0.894]0.188]0.667| 900 [0.883[0.181]0.665] 1869 [0.903[0.177|0.684] 4169
Stiffened C [0.795|0.187(0.593 | 245 [0.774]0.286|0.485| 1727 |0.854]0.214]0.610] 800 |0.799]0.260]0.525| 2772 |0.852[0.260[0.560] 3673
All sections|0.929[0.172]0.708[8239]0.8620.224]0.605 | 10064 | 1.006|0.203]0.732] 9583 0.931[0.212 [ 0.667| 27886 |0.992 [ 0.200[ 0.725 [ 59558
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Table 45: Difference in resistance factors between DSM Method 10 and DSM Method 6 for all columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L G G D ALLG G D
method shape —
P Pr Vp 4 Pm Vp P Pm Vp P Pm V, P Pm Vp P

C -0.1% 0.7% -0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -0.1%
DSM Z -0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -0.1% -1.1% 0.0%
Method Hat -0.5% 6.2% -1.1% | -0.2% 1.5% -0.7% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -0.2% 2.6% -0.7%
10 Rack 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Stiffened C| -0.5% 6.6% -1.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -0.1% 1.1% -0.5%
All sections| -0.1% 0.7% -0.2% 0.0% 0.7% -0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -0.1% 0.6% -0.1%

Table 46: Difference in resistance factors between DSM Method 10 and DSM Method 6 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

Failure mode

predt'ﬁ“gn Sic“on LD DG LDG AlLD, DG, LDG ALL Failure modes
method | shape P Vo 4 P Vo 4 P Vy P P Vp ) P Vo 4
C 0.0% | 0.0% | 0.0% | 00% | 0.0% | 0.0% | 0.0% | 00% | -0.1% | 0.0% | 0.0% | 00% | 00% | 0.0% | -0.1%

DSM Z 0.0% | 00% | 0.0% | 0.0% | 00% | 00% | 00% | 0.0% | 00% | 0.0% | 0.0% | 00% | 0.0% | 0.0% | 0.0%
Method |—Hat 0.0% | 06% | -03% | 03% | 0.7% | 06% | -1.3% | 5.8% | -3.8% | -0.5% | 1.6% | -1.3% | 0.5% | 1.8% | -1.2%
10 Rack 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -0.1% 0.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Stiffened C| 0.0% 0.0% 0.0% -0.1% 0.0% -0.2% 0.0% 0.0% 0.2% -0.1% 0.0% -0.2% -0.1% 0.0% -0.2%
All sections| 0.0% | 0.0% | 0.0% | -0.1% | 0.4% | -02% | -0.2% | 1.0% | -0.4% | -0.1% | 0.5% | -0.3% | -0.1% | 0.5% | -0.1%
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Table 47: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 11 — Modification 3 to Option 4 in (Moen and Schafer

2011) — replace Pcr-d-h by Por-dnh

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG. G.D

metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.078]0.13410.866| 6923 11.026]0.107/0.850[4245/0.940(0.098]0.786]1651{1.108]0.206]0.802]3678]1.058]0.155[0.827[16497
DSM Z 1.066]0.11210.879| 3712 11.109]0.087[0.936( 784 11.040(/0.045[0.90312548(0.957[0.090]0.806]244411.034]10.102]0.861 | 9488
Method Hat 0.852(0.096(0.714( 1414 [0.923]10.18110.694| 494 11.08710.044]10.945( 137 10.831/0.162(0.643[ 441 [0.875]0.146]0.693 | 2486
11 _Rack 0.977(0.093/0.820f 461 [0.854]10.205]10.619]/1065]0.990]10.114]0.814 383 10.847/0.104(0.704( 391 [0.900{0.170]0.689] 2300
Stiffened C|0.950{0.106]0.787| 317 |0.919[0.138]|0.734| 143 |1.024|0.067|0.878| 196 |1.009|0.241|0.687| 245 |0.977/0.161]0.757[ 901
All sections[1.043]0.142]0.829(12827[0.999]0.148(0.78916731]1.003 0.086]0.847(4915{1.022]0.200/0.74717199]1.023|0.153]|0.801|31672

Table 48: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 11 — Modification 3 to Option 4

in (Moen and Schafer 2011) — replace Pcr-d-h by Per-d-nh

Failure mode

p:ﬁgt'ﬁggn Ssehcatl'ge” LD DG LDG AlLLD. DG. LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 0.813]10.173/0.620]3157]0.827(0.181]10.623| 2589 |1.009(0.16810.774( 862 [0.84410.191[0.626| 6608 10.997[0.190/0.740]23105
DSM Z 0.89910.118(0.736]4115]0.989(0.111)10.816 2989 |1.037{0.163]10.801(6057{0.983]10.154(0.769]13161]1.004({0.136/0.805]22649
Method Hat 0.716]0.178[0.541| 585 |10.748(0.28610.469( 1927 10.816{0.235]0.562| 964 [0.762]0.261(0.500| 3476 10.809(0.224]0.567] 5962
11 _Rack 0.734]0.106]10.609| 137 10.861(0.172[0.656| 832 [0.838{0.183]0.629] 900 10.840]10.179/0.635] 1869 [(0.873]10.177|0.662| 4169
Stiffened C{0.715/0.203]0.520( 245 |0.750]0.297(0.460| 1727 |0.822[0.201]0.600{ 800 |0.768]0.267[0.499( 2772 |0.819|0.261{0.538( 3673
All sections[0.845(0.162(0.654 [8239{0.850{0.229{0.591 [ 10064 [0.975[0.199(0.714 (9583 [0.892[0.212{0.638| 27886 [0.961|0.192]0.711| 59558
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Table 49: Difference in resistance factors between DSM Method 11 and DSM Method 6 for all columns failing in modes L, LG, G, D, and L+LG+G+D

Failure mode

prediﬁ“g” S‘f]C“O” L LG G D AL LG, G,D
method | shape ™5 =T/, p Pn | Vo y P v, P Pn | Vo p Pn | Vo y

C 0.0% | 00% | 0.0% | 05% | 09% | 06% | 00% | 00% | 00% |-10.0% | -19.5% | -1.6% | 2.6% | -18.4% | 2.5%

S Z 01% | 0.9% | 0.1% | 0.0% | 0.0% | 00% | 00% | 0.0% | 00% | -71% | 7.2% | 6.5% | -1.9% | 7.4% | -2.5%

Method | —Hat | 0.0% | 0.0% | 0.0% | -3.0% [ 11.3% | 0.4% | 0.0% | 0.0% | 0.0% | -4.0% | 4.1% | -3.0% | -1.4% | -5.8% | 0.0%

o Rack | 0.0% | 0.0% | 0.0% | -2.1% | -7.7% | 08% | 0.0% | 0.0% | 0.0% | -7.0% | 11.8% | -8.2% | -2.0% | -1.2% | -1.0%

Stiffened C| 0.0% 0.0% 0.0% -9.7% 2.2% -10.2% | 0.0% 0.0% 0.0% -7.9% -4.0% -6.3% -3.8% -7.5% -2.1%

All sections| 0.0% 0.0% -0.1% -1.0% 0.0% -0.9% 0.0% 0.0% 0.0% -8.7% | -17.7% | -1.6% -23% | -12.1% 0.6%

Table 50: Difference in resistance factors between DSM Method 11 and DSM Method 6 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

Failure mode

p:ﬁgt'ﬁggn Ssi‘;“oe” LD DG LDG AlLD, DG, LDG ALL Failure modes
p Pm Vp ¢ Pm Vp ¢ Pm VD ¢ Pm Vp ¢ Pm Vp ¢

C 7.7% | 7.5% | 5.6% | 11% | 4.0% | 2.0% | -4.8% | -25.0% | 4.0% | -4.8% | -7.3% | -2.3% | -3.1% |-10.8%| 0.5%
DSM Z 10.0% | 3.3% | 9.6% | 09% | 1.8% | -11% | -2.5% | 2.5% | 3.1% | -4.5% | 7.7% | -5.9% | -3.4% | 8.8% | -4.6%
Method Hat 7.6% | 11% | -8.0% | -1.6% | 2.9% | 2.9% | -2.5% | -2.1% | -1.7% | -2.8% | 2.0% | -3.8% | -2.2% | 0.4% | -2.6%
11 Rack -10.9% 5.0% -11.4% | -2.2% -4.4% -1.1% -6.4% -2.1% -5.7% -49% | -1.1% -4.5% -3.3% 0.0% -3.2%
Stiffened C| -10.1% 8.6% -12.3% | -3.2% 3.8% -5.3% -3.7% -6.1% -1.5% -4.0% 2.7% -5.1% -4.0% 0.4% -4.1%
Al sections| -9.0% | -5.8% | -7.6% | -1.5% | 2.7% | -2.5% | -3.3% | -1.0% | -2.9% | -4.3% | 0.5% | -4.6% | -3.2% | -3.5% | 2.1%
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Table 51: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 12 — Modification 4 to Option 4 in (Moen and Schafer

2011) - replace the D equation by the AS/NZS 4600 DSM D equation, limit Pnd t0 Pyn; use Pecr-d-h

dicti . Failure mode
pre 'ﬁ“g” Sehc“on L LG G D AL LG.G.D
metho Shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.078]0.134]10.866( 6923 ({1.031/0.106]0.855]4245]0.940{0.098|0.786]1651]1.190]0.291{0.738|3678(1.07710.197]0.791]16497
DSM Z 1.067]0.111]0.880( 3712 {1.109(0.087]0.936] 784 11.040]0.045(0.90312548]0.99210.129]0.802(2444]1.044({0.106|0.865| 9488
Method Hat 0.852]10.096(0.714| 1414 10.947]10.209({0.681| 494 [(1.087]0.044]10.945{ 137 [0.846(0.190]|0.627| 441 10.883]0.161[0.684 | 2486
12 _Rack 0.977]10.093(0.820| 461 |0.872]0.222({0.614(1065{0.990|0.114]0.814 383 [0.912(0.095]|0.765] 391 |10.919]0.172[0.702( 2300
Stiffened C|0.950/0.106]0.787| 317 [1.018]|0.135]0.817| 143 |1.024]0.067[0.878| 196 |1.093[0.254(0.728| 245 [1.016[0.175|0.771| 901
All sections|1.043{0.142/0.830]12827(1.009(0.149|0.795|6731(1.003|0.086]0.847[4915]1.083]0.270[0.700(7199]1.039]0.180{0.783 (31672

Table 52: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 12 — Modification 4 to Option 4
in (Moen and Schafer 2011) — replace the D equation by the AS/NZS 4600 DSM D equation, limit Pnd to Pyn; use Per-d-h

dicti Secti Failure mode
p:ﬁet'ﬁggn Sehcatl'r?e” LD DG LDG AILLD, DG, LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 0.87210.191/0.6461315710.828(0.181]0.623| 2589 ]1.053(0.232]0.729| 862 [0.878]10.213|0.628| 6608 |1.020(0.219]0.722]23105
DSM Z 0.98510.134(0.79214115]0.989(0.115]0.813| 2989 ]1.061/0.160]0.823|6057(1.021]10.149/0.805]13161]1.030(0.133]10.829]22649
Method Hat 0.77510.17710.587] 585 10.758(0.281]0.479] 1927 10.83710.240]0.572] 964 [0.783]10.258|0.517] 3476 [0.824|0.225]0.577| 5962
12 _Rack 0.82410.101(0.687] 137 10.879(0.181]0.662| 832 ]0.894|0.188]0.667| 900 (0.883]10.181|0.664] 1869 [0.903(0.17710.684| 4169
Stiffened C[0.795/0.187]0.593 245 |0.775]0.286[0.486| 1727 {0.854)0.214]0.609 800 |0.800|0.261[0.526| 2772 |0.853{0.260(0.561| 3673
All sections[0.918(0.177(0.695[8239(0.857(0.225[0.601 [ 10064 | 1.005]|0.202|0.732|9583|0.926[0.214|0.661 [ 27886 | 0.986 [0.203 | 0.716 | 59558
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Table 53: Difference in resistance factors between DSM Method 12 and DSM Method 6 for all columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L G G D ALLG G D
method shape —
P Pr Vp 4 Pm Vp P Pm Vp P Pm V, P Pm Vp P

C 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -3.3% 13.7% | -9.4% | -0.8% 3.7% -2.0%
DSM Z 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -3.7% | 33.0% | -7.0% | -0.9% 11.6% | -2.0%
Method Hat 0.0% 0.0% 0.0% -0.5% 2.5% -1.4% 0.0% 0.0% 0.0% -2.3% 12.4% | -5.6% | -0.5% 3.9% -1.3%
12 Rack 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -0.1% 2.2% -0.3% | -0.1% 0.0% 0.0%
Stiffened C| 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -0.3% 1.2% -0.7% 0.0% 0.6% -0.3%
All sections| 0.0% 0.0% 0.0% 0.0% 0.7% -0.1% 0.0% 0.0% 0.0% -3.2% 11.1% -7.8% | -0.8% 3.4% -1.6%

Table 54: Difference in resistance factors between DSM Method 12 and DSM Method 6 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

. . Failure mode
predt'ﬁ“gn Sic“on LD DG LDG AllLD, DG, LDG ALL Failure modes
method | shape g Vo 4 Pm Vo 4 Pm Vy P Pm | Vo ) Pm | Vp 4
C -1.0% 2.1% -1.7% -1.0% 4.0% -2.0% -0.7% 3.6% -2.0% -1.0% 3.4% -2.0% -0.9% 2.8% | -1.9%
DSM Z -1.4% 9.8% -2.7% -0.9% 5.5% -1.5% -0.3% 0.6% -0.5% -0.8% | 4.2% -1.5% -0.9% 6.4% | -1.8%
Method Hat 0.0% 0.6% -0.2% -0.3% 1.1% -0.8% 0.0% 0.0% 0.0% -0.1% | 0.8% -0.6% -0.4% | 0.9% | -0.9%
12 : Rack 0.0% 0.0% 0.0% -0.1% 0.6% -0.2% -0.1% 0.5% 0.0% 0.0% 0.0% -0.2% 0.0% 0.0% 0.0%
Stiffened C| 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.4% 0.0% 0.0% 0.0% 0.0%
All sections| -1.2% 2.9% -1.8% -0.7% 0.9% -0.8% -0.3% 0.5% -0.4% -0.6% 1.4% -1.2% -0.7% 2.0% | -1.4%
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Simulations - All - all failure modes / DSM
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Fig. 21: Simulation-to-predicted ratios for all columns by DSM Method 9 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - All - all failure modes / DSM

(0] 10000 20000 30000 40000 50000 60000
Specimen No.

Fig. 22: Simulation-to-predicted ratios for all columns by DSM Method 9 with classified section types

(from left to right: C, Z, Hat, Rack and Stiffened C)
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Simulations - All - all failure modes / DSM

(0] 10000 20000 30000 40000 50000 60000
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Fig. 23: Simulation-to-predicted ratios for all columns by DSM Method 10 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - All - all failure modes / DSM

(0] 10000 20000 30000 40000 50000 60000
Specimen No.

Fig. 24: Simulation-to-predicted ratios for all columns by DSM Method 10 with classified section types

(from left to right: C, Z, Hat, Rack and Stiffened C)
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Simulations - All - all failure modes / DSM
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Fig. 25: Simulation-to-predicted ratios for all columns by DSM Method 11 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - All - all failure modes / DSM

I:)u-FEM/Pn

(0] 10000 20000 30000 40000 50000 60000
Specimen No.

Fig. 26: Simulation-to-predicted ratios for all columns by DSM Method 11 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)
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Simulations - All - all failure modes / DSM

(0] 10000 20000 30000 40000 50000 60000
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Fig. 27: Simulation-to-predicted ratios for all columns by DSM Method 12 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - All - all failure modes / DSM

(0] 10000 20000 30000 40000 50000 60000
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Fig. 28: Simulation-to-predicted ratios for all columns by DSM Method 12 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)

3.2.2. Method 13-15 —regression analyses of LG equations — all

The study in Section 3.2.1 indicates that the local-global Equations (15)-(16) in DSM Method 6 (i.e.
Option 4 in (Moen and Schafer 2011)) had poorer performance than the corresponding global and distortional
equations. Moreover, Section 2.1.1 showed that even for non-perforated columns, the current codified DSM
was unable to predict accurately and safely the strength of certain sections, such as those with wide flanges
or small lips. Therefore, regression analyses were resorted to with the aim to (i) improve the performance of
the local-global Equations (15)-(16) in DSM Method 6, and (ii) detect the pattern of any variations in the

predicted strengths that could not be predicted on the basis of the current DSM.
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In particular, DSM Method 13 (i.e. Modification 5 to Option 4 in (Moen and Schafer 2011)) was first
explored such that the equations for global buckling and distortional buckling in Option 4 of (Moen and
Schafer 2011), i.e. (13)-(14) and (17)-(20) respectively, remained unchanged, while the local buckling strength
prediction equations, i.e. (15)-(16) were modified based on a regression analysis of the local buckling strength
equations in DSM Method 10 (i.e. replacing the Pcr-1-h in Equations (15)-(16) by Per-1-nh for the gross section).
Therefore, the predicted strength was taken as the minimum of the strength predictions by (i) the regression
equations for local-global buckling using Pecr-1-nn, (ii) the distortional buckling equations, and (iii) the global

buckling equations.

A nonlinear regression analysis was performed using the software DATAFIT 9.0.59 with rigorous
parameter selection process. The significance of each parameter was indicated by the “residual sum of
squares” (defined as the sum of squares of the differences between the actual data points and the curve
generated by fitted parameters) and the so-called “t-ratio” (defined as the fitted parameter value divided by the
standard deviation of the fitted parameter). The proposed strength formulae for local buckling (or local-global

buckling interaction) are in the form:

For 4, <0.776, P, =F1xP_ (21)
P 04 P 0.4
For 4, >0.776, P, =FlIx 1-0.15( P'hj ( P'hj P (22)
where
F1=a+bx/ye+cx/1d+dx/zc+exHWF+fxHLF+ng5F+hx%+ix%+jx%+kx%+mx% (23)

with all the constants defined in Table 55.

Table 55: Constants from regression analysis for DSM Method 13

a b C d e f
8.30E-01 | 1.20E-01 |-9.65E-02| 1.48E-01 |-3.04E-01|-1.81E-02
g h i i Kk m
3.16E-03 | 1.43E-03 |-2.67E-03|-4.06E-03 |-1.96E-02 | 1.49E-01

In Equations (21)-(22), P, is calculated per Equations (13)-(14), and A4,,=/P. /P, where P_, . is
the elastic local buckling load not considering holes which can be calculate by readily available programs such
as THIN-WALL and CUFSM. In Equation (23), 4, and A, are calculated per DSM Method 6 (i.e. Option 4 in
(Moen and Schafer 2011)) which consider the influence of holes, while HWF=hole width factor=hole width/flat
web width, HLF=hole length factor=hole length/hole width, HSF=hole spacing factor=clear hole spacing/hole

width, H=overall web width, B=overall flange width, D=overall lip width, t=thickness.
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These many variables, 11 in total, were included in the resultant regression equation because the
regression analysis suggested that all of them were significant as to reducing the residual sum of squares.
Also, the use of a linear regression model for F1 as shown in Equation (23) appeared to perform reasonably

well and was a compromise between accuracy of prediction and simplicity of calculation.

The statistics of the predictions by means of DSM Method 13 are presented in Table 56-Table 57, along
with the percentage differences between Method 13 and Method 6 given in Table 58-Table 59. It should be
noted that the constants in Table 55 obtained from the regression analysis had been scaled down in order to
raise the Pm value and thus to achieve ¢=0.85 as prescribed in the current codified DSM. Specifically, in

Method 13, the overall value of was adjusted to 0.848.

The results show that, in comparison with DSM Method 6, the additional regression analysis significantly
reduced the overall scatter of the predictions, as shown by a decrease in the overall value of Vp from 0.199 to
0.166 (i.e. 16.6% decrease). However, this improvement was not reflected in the statistics for Stiffened C
section which showed an increase of 11.2% in the overall value of Vp. This demonstrates that Stiffened C
section was distinct from the other sections in that it had a different correlation between the variables in the
regression analysis and its member strength, which may be due to the existence of a stiffener in the web. On
the contrary, Hat section benefited most from Method 13 as indicated by a substantial increase in its overall
value of ¢ from 0.582 to 0.843 (i.e. 44.8% increase) and also a decrease of 17.5% in its overall V, value. In
addition, in terms of failure modes, DSM Method 13 performed best for the D mode which showed a 24.3%
decrease in Vp, whereas it was unable to reduce the scatter of the predictions for the LG and G modes which
showed 6.1% and 7.0% increases in the Vj values respectively. In particular, Z section failing in the LG mode
was worst predicted with a massive 102.3% increase in Vp and also a 17.2% decrease in ¢. Moreover, DSM
Method 13 resulted in acceptable ¢ values (close to or above 0.85) for all the sections failing in combined L,
LG, G and D modes (those modes covered by the current codified DSM), whereas it failed to achieve so for C,
Hat and Stiffened C sections failing in combined LD, DG and LDG modes (although the overall ¢value of

0.821 for these modes was still considered to be acceptable).

The simulation-to-predicted ratios for all columns obtained by use of DSM Method 13 are presented in
Fig. 29-Fig. 30 classified by failure mode and section type respectively. More detailed figures of the same kind
for each section type are provided in Section M.1. Compared with Fig. 15 and Fig. 16 for DSM Method 6, it
can be seen that (i) overall, the scatter of the predictions was smaller as shown by the narrower band of the
data points, (i) some substantial discrepancies in accuracy that were inherent in the AS/NZS 4600 DSM (as
shown in Fig. 1 and Fig. 2) could not be reduced, (ii) the discrepancy could even increase for some particular

members.
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Table 56: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 13 — Modification 5 to Option 4 in (Moen and Schafer

2011) — minimum of (i) regression analyses of LG equation using Pcr-1-nh, (ii) D equation, and (iii) G equation

Failure mode

predlﬁtlgn Sehctlon ] e G D AL LG. G.D

method | shape o VT 5 T n [ Po | Vo | 6 | n [ Po | Vel 610 [P Vel 610 | Pa] Vo] 6] n
C 1.086]0.12210.884| 6923 11.052]0.104[0.875[4245|0.963[0.084 |0.815]1651(1.283]10.215]0.91413678]1.109]0.176(0.841[16497
DSM Z 1.14710.09910.958| 3712 11.023]0.176(0.775[13581.107[0.049]0.960]2548(1.142]10.061]0.9831244411.119]0.101(0.932[10062
Method Hat 1.115]0.08310.945| 1414 11.321]0.190/0.981 | 494 11.122(0.062[0.965| 137 (1.077]0.100]0.898 | 441 ]1.150]0.143]0.913 [ 2486
13 -Rack 1.20010.062(1.032| 461 ]0.998(0.175]0.758{1065(1.018]0.105/0.845] 383 |1.066/0.049]0.924| 391 |1.054]0.146/0.834] 2300
Stiffened C|1.113/0.186[0.832| 317 |1.018[0.135[0.817] 143 |1.052(0.047{0.913| 196 |1.214]0.182(0.912| 245 |1.112]0.172(0.848| 901
All sections|1.112]0.116/0.912{128271.056[0.157]0.823]7305]1.050(0.092 [0.883]4915]1.2090.184[0.905]7199]1.1110.152[0.872|32246

Table 57: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 13 — Modification 5 to Option 4

in (Moen and Schafer 2011) — minimum of (i) regression analyses of LG equation using Pcr1-nn, (ii) D equation, and (iii) G equation

prediction

Section

Failure mode

method shape LD DG LDG AllLD, DG, LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.057/0.163]0.818|3157/0.94310.139/0.753] 2589 [1.033]0.253[0.689| 862 11.009(0.179]0.762| 6608 [1.080]0.182]0.812(23105
DSM Z 1.127(0.086]0.95214115(1.143]10.065/0.981| 2989 [1.198]0.132(0.965]6057]1.163(0.111]0.959({131611.144]10.109]0.946(23223
Method Hat 1.156(0.154]10.905| 585 [(1.051]0.204(0.763] 1927 [1.187]0.217(0.843| 964 11.107(0.208]0.798( 3476 |1.125]0.184({0.843| 5962
13 _Rack 0.962(0.12610.780| 137 11.069]0.154(0.837| 832 ]1.114|0.156(0.870] 900 |1.083]10.158|0.843| 1869 |1.067]0.152]0.837 4169
Stiffened C[0.8920.284]0.561 245 |0.918]0.321[0.537| 1727 {0.996]0.301|0.606| 800 |0.938]0.314[0.556| 2772 |0.981{0.289(0.611| 3673
All sections{1.0920.139]0.872(8239]1.029]0.194[0.759] 10064 {1.157]0.181]0.872(9583]1.092|0.181/0.821| 27886 [1.102{0.166(0.848|60132
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Table 58: Difference in resistance factors between DSM Method 13 and DSM Method 6 for all columns failing in modes L, LG, G, D, and L+LG+G+D

predtiﬁtign S‘f]C“O” L LG Fa”ur%mOde D AL LG, G,D
method | shape P Vp 4 P Vp P P Vo P P Vo 4 P Vp P
C 0.7% | 9.0% | 2.1% | 2.0% | -1.9% | 2.3% | 2.4% | -143% | 3.7% | 4.2% | -16.0% | 12.1% | 2.1% | -7.4% | 4.0%
DSM Z 7.5% | -10.8% | 8.9% | -7.8% |102.3% | -17.2% | 6.4% | 8.9% | 6.3% | 10.9% | -37.1% | 14.0% | 6.2% | 6.3% | 55%
Method |—Hat | 30.9% [ -13.5% [32.4% [ 38.8% | -6.9% | 42.0% | 3.2% | 40.9% | 2.1% | 24.4% | -40.8% | 352% [ 20.7% | -7.7% | 31.7%
13 Rack | 22.8% | -33.3% | 25.9% | 14.4% | 21.% | 23.5% | 2.8% | -7.9% | 3.8% | 16.8% | 47.3% | 20.5% | 14.6% | -15.1% | 18.8%
Stiffened C| 17.2% | 75.5% | 5.7% | 0.0% | 0.0% | 0.0% | 2.7% | -29.9% | 4.0% | 10.8% | -27.5% | 24.4% | 9.4% | -1.1% | 9.7%
All sections| 6.6% | -18.3% | 9.9% | 4.7% | 6.1% | 3.4% | 4.7% | 7.0% | 43% | 8.0% | -24.3% | 19.2% | 6.1% | -12.6% | 9.5%

Table 59: Difference in resistance factors between DSM Method 13 and DSM Method 6 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

School of Civil Engineering
The University of Sydney

- . Failure mode
prediction|  Section LD DG LDG AllLD, DG, LDG ALL Failure modes
method shape
Pm Vp ¢ Pm Vp ¢ Pm Vp ¢ Pm Vp ¢ Pm Vp ¢
C 20.0% | -12.8% | 24.5% | 12.8% | -20.1% | 18.4% | -2.5% | 12.9% | -7.4% | 13.8% |-13.1%| 18.9% 5.0% |-14.6%| 10.3%
DSM Z 12.8% | -29.5% | 17.0% | 14.5% | -40.4% | 18.9% | 12.6% | -17.0% | 16.7% | 13.0% [-22.4%| 17.4% | 10.1% |-12.8%| 12.1%
Method Hat 49.2% | -12.5% | 53.9% | 38.3% | -26.6% | 58.0% | 41.8% | -9.6% | 47.4% | 41.2% |-18.8% | 53.5% | 36.0% |-17.5% | 44.8%
13 Rack 16.7% | 24.8% | 13.5% | 21.5% | -14.4% | 26.2% | 24.5% | -16.6% | 30.4% | 22.7% |-12.7% | 26.8% | 18.2% [-14.1% | 22.4%
Stiffened C| 12.2% | 51.9% -5.4% | 18.5% | 12.2% | 10.5% | 16.6% | 40.7% | -0.5% | 17.3% [20.8% | 5.7% 15.0% [11.2% | 8.9%
All sections| 17.5% | -19.2% | 23.2% | 19.2% | -13.0% | 25.2% | 14.8% [ -10.0% | 18.6% | 17.2% |[-14.2%| 22.7% | 11.0% |-16.6% | 16.8%
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Simulations - All - all failure modes / DSM

(0] 10000 20000 30000 40000 50000 60000
Specimen No.

Fig. 29: Simulation-to-predicted ratios for all columns by DSM Method 13 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - All - all failure modes / DSM

(0] 10000 20000 30000 40000 50000 60000
Specimen No.

Fig. 30: Simulation-to-predicted ratios for all columns by DSM Method 13 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)

Because the regression analysis in DSM Method 13 was performed only for the local (LG) buckling
strength P, and against the “actual” strength data, the local (LG) buckling Equations (21)-(22) controlled the
final predicted strength in the majority of cases compared to the global and distortional buckling equations (i.e.
(13)-(14) and (17)-(20), respectively). This is verified in Table 60 which shows the number of times each set of
strength equations controlled the final predicted strength. In fact, the global and distortional strengths (P,
and P,.) only controlled a significant portion of the final strengths when the column failed in a G or D mode,

respectively. This means that in most cases, the use of the global or distortional equations are not necessary.
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Table 60: Counts of controlling strength equations

Failure mode

controlling AllL, |AIILD,| ALL

equations L G | G b | b | b | LpG |LG,G,| DG, |Failure
D LDG |modes

Fue Y €ans. 1152991 6490 | 2805 | 4659 | 6515 | 8726 | 8361 |26749|23602 50355

(21)-(22)

Fubyeans. | 5o | 47 | o | 2540 | 1724 | 592 | 1221 | 3055 | 3537 | 6592

(17)-(20)

Febyeans. | 5| 358 15110 o o | 746 | 1 |2438| 747 | 3185

(13)-(14)

In view of this, another two design options (i.e. DSM Method 14 and 15) were explored based on DSM
Method 13, i.e. Method 14 took the strength as the minimum of the predictions obtained by (i) the regression
equations for local-global buckling (i.e. (21)-(23)) and (ii) the distortional equations (i.e. (17)-(20)), while
Method 15 predicted the strength as the minimum of the predictions by (i) the regression equations for local-
global buckling (i.e. (21)-(23)) and (ii) the global equations (i.e. (13)-(14)). However, the regression constants
used in Equation (23) were adjusted accordingly in order to achieve the same overall value of ¢=0.848 as for
DSM Method 13. These regression constants are tabulated in Table 61 and Table 62 for Method 14 and 15

respectively.

Table 61: Constants from regression analysis for DSM Method 14

a b C d e f
8.24E-01 | 1.19E-01 |-9.58E-02| 1.47E-01 |-3.02E-01 | -1.80E-02
g h [ j Kk m
3.14E-03 | 1.42E-03 |-2.66E-03 |-4.03E-03 |-1.94E-02 | 1.48E-01

Table 62: Constants from regression analysis for DSM Method 15

a b c d e f
8.22E-01 | 1.19E-01 |-9.56E-02| 1.47E-01 |-3.01E-01 |-1.80E-02
g h i j k m
3.13E-03 | 1.42E-03 |-2.65E-03 |-4.02E-03 |-1.94E-02 | 1.47E-01

Table 63-Table 64, and Table 67-Table 68 list the statistics of the predictions for DSM Method 14 and 15
respectively. Meanwhile, Table 65-Table 66, and Table 69-Table 70 present the percentage differences of the
statistics between Method 14 and 13, and Method 15 and 13, respectively.

The results shown in these tables suggest that, in comparison with DSM Method 13, the exclusion of
using the global buckling equations only caused a minor increase of 1.8% in the overall V, value. However, a

significant scatter existed for the G mode alone, as shown by the overall 14.1% increase in Vp, especially for
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the Z and Hat sections whose V, values increased by 46.9% and 51.6% respectively. Otherwise, it is quite

acceptable not to use the global buckling strength equations for the other failure modes.

As for DSM Method 15, although its overall value of V, decreased by 4.2% compared with that for DSM
Method 13, this decrease was mainly due to C section which showed a substantial decrease of 23.6% in Vp.
This indicated that the exclusion of the distortional buckling strength equations was substantially beneficial to
only C section. In particular, the scatter in the predictions dropped significantly for the D and LDG modes of C
section columns, as shown by the corresponding 66% and 49% decreases in the V; values. Otherwise, DSM
Method 15 showed negative influences (indicated by an increase in the value of Vp) on the strength prediction
of many individual failure modes and section types. In addition, in terms of the overall performance of a failure
mode, the worst affected one was the LD mode which showed a 19.4% increase in the overall value of Vp and
also an increased scatter for almost every section type. These observations in general suggested that it was

necessary to include the distortional buckling equations in the strength prediction.

Furthermore, Fig. 31-Fig. 32 and Fig. 33-Fig. 34 illustrate the simulation-to-predicted ratios for all columns
for DSM Method 14 and 15 respectively. More detailed figures regarding the simulation-to-predicted ratios for

each section can be found in Sections N.1 and O.1.

Compared with Fig. 29-Fig. 30 for DSM Method 13, Fig. 31-Fig. 32 for Method 14 are very similar except
for a slightly larger scatter for the G mode. However, Fig. 33-Fig. 34 for Method 15 are distinct from those for
Method 13 in that the large scatter associated with the D mode of C section columns had been totally
eliminated, which suggested that it was the distortional strength equations that significant underestimated the
strength of the columns made from such C sections. Apart from this, a slightly larger scatter in the predictions

can be seen for the LG and LD modes, which was in line with the statistics.

The above discussions concerning DSM Method 14 and 15 indicate that although the regression analysis

in DSM Method 13 was solely based on the value of P

nle

and performed against the accurate strengths

obtained by the FEM, the inclusion of the equations for P, and P

ne’

in general, was necessary because they
were still useful in reducing the scatter of the prediction related to some particular failure modes and section
types as previously discussed. However, the large discrepancies in prediction associated with the D mode of

C section columns could not be avoided in this way.
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Table 63: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 14 — Modification 6 to Option 4 in (Moen and Schafer

2011) — minimum of (i) regression analyses of LG equation using Pcr-1-nh and (ii) D equation

Failure mode

predlﬁtlgn Sehctlon ] e G D AL LG. G.D

method | shape o VT 5 T n [ Po | Vo | 6 | n [ Po | Vel 610 [P Vel 610 | Pa] Vo] 6] n
C 1.093]0.12210.890| 6923 11.059]0.104[0.880[4245/0.938[0.085]0.793]11651(1.287]0.213]10.920]3678]1.112]0.177(0.842 16497
DSM Z 1.155]0.09910.964| 3712 11.015]0.192(0.751[13581.091[0.072]0.933]12548(1.149]10.061]0.989]1244411.118]0.110/0.924 10062
Method Hat 1.123]0.083]10.951| 1414 11.330]/0.190(0.988| 494 |11.075[/0.094[0.902| 137 [1.084[0.100]0.904| 441 ]1.155]0.145]|0.914 [ 2486
14 -Rack 1.20810.062(1.040| 461 ]1.003{0.174]10.762{1065(0.979]0.105(0.812] 383 |1.072]0.049]0.929] 391 |1.052]0.149/0.829] 2300
Stiffened C|1.121(0.186(0.838| 317 |1.018[0.135[0.817]| 143 |1.018/0.054(0.880| 196 |1.218]0.181(0.916| 245 |1.109]|0.177[0.840| 901
All sections|1.119]/0.116/0.919(12827]1.060(0.161|0.822]7305]1.028(0.105[0.853]4915]1.213|0.182(0.912(7199]1.113]0.155[0.869 32246

Table 64: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 14 — Modification 6 to Option 4

in (Moen and Schafer 2011) — minimum of (i) regression analyses of LG equation using Pcr1-nn and (ii) D equation

prediction

Section

Failure mode

method shape LD DG LDG AllLD, DG, LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.063(0.163]0.8223157(0.93710.140(0.747] 2589 [1.038]0.250/0.695| 862 11.010/0.181]0.761| 6608 |1.083]0.183]0.812(23105
DSM Z 1.132(0.086]0.95714115(1.14810.068(0.984| 2989 [1.205]0.132(0.971]16057]1.170{0.112]0.964({13161(1.147]10.113]0.944 (23223
Method Hat 1.164(0.154]10.912| 585 [(1.057]0.204(0.767] 1927 {1.195]0.217/0.849| 964 11.114(0.208]0.802( 3476 |1.131]10.185({0.846| 5962
14 _Rack 0.967]0.12710.784]| 137 11.071]0.157/0.835f 832 ]1.1210.155{0.875] 900 |1.08710.159]0.845] 1869 |1.068]0.155]|0.835{ 4169
Stiffened C [0.895/0.287]0.560( 245 |0.922]0.323[0.537| 1727 {1.001)0.302]0.608| 800 |0.942|0.316/0.557| 2772 |0.983{0.290(0.611| 3673
All sections|1.098/0.140]0.876(8239]1.031]0.197[0.757] 10064 {1.164]0.181]0.877(9583]1.097]0.183/0.823| 27886 [1.105[0.169(0.848|60132
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Table 65: Difference in resistance factors between DSM Method 14 and DSM Method 13 for all columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L e G D ANlL LG. G D
method shape —
P Pr Vp 4 Pm Vp P Pm Vp P Pm V, P Pm Vp P

C 0.6% 0.0% 0.7% 0.7% 0.0% 0.6% -2.6% 1.2% -2.7% 0.3% -0.9% 0.7% 0.3% 0.6% 0.1%
DSM Z 0.7% 0.0% 0.6% -0.8% 9.1% -3.1% | -1.4% 46.9% -2.8% 0.6% 0.0% 0.6% -0.1% 8.9% -0.9%
Method Hat 0.7% 0.0% 0.6% 0.7% 0.0% 0.7% -4.2% 51.6% -6.5% 0.6% 0.0% 0.7% 0.4% 1.4% 0.1%
14 Rack 0.7% 0.0% 0.8% 0.5% -0.6% 0.5% -3.8% 0.0% -3.9% 0.6% 0.0% 0.5% -0.2% 2.1% -0.6%
Stiffened C| 0.7% 0.0% 0.7% 0.0% 0.0% 0.0% -3.2% 14.9% -3.6% 0.3% -0.5% 0.4% -0.3% 2.9% -0.9%
All sections| 0.6% 0.0% 0.8% 0.4% 2.5% -0.1% | -2.1% 14.1% -3.4% 0.3% -1.1% 0.8% 0.2% 2.0% -0.3%

Table 66: Difference in resistance factors between DSM Method 14 and DSM Method 13 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

School of Civil Engineering
The University of Sydney

. . Failure mode
predt'ﬁ“gn Sic“on LD DG LDG AlLD, DG, LDG ALL Failure modes
method | shape P Vo 4 P Vo 4 P Vy P Pm | Vo ) P Vo 4
C 06% | 00% | 05% | 06% | 07% | 08% | 05% | 1.2% | 09% | 0.1% | 1.1% | -0.1% | 0.3% | 0.5% | 0.0%
DSM Z 04% | 00% | 05% | 04% | 46% | 03% | 06% | 0.0% | 06% | 0.6% | 0.9% | 05% | 0.3% | 3.7% | -0.2%
Method |—Hat 0.7% | 00% | 0.8% | 0.6% | 0.0% | 05% | 07% | 0.0% | 07% | 0.6% | 0.0% | 05% | 0.5% | 0.5% | 0.4%
4 Rack | 05% | 08% | 05% | 02% | 1.9% | 02% | 0.6% | 06% | 06% | 0.4% | 0.6% | 02% | 0.1% | 2.0% | -0.2%
Stiffened C| 03% | 1.1% | 02% | 04% | 0.6% | 00% | 0.5% | 03% | 0.3% | 0.4% | 0.6% | 0.2% | 02% | 0.3% | 0.0%
Al sections| 0.5% | 0.7% | 05% | 02% | 1.5% | -03% | 06% | 0.0% | 0.6% | 05% | 1.1% | 0.2% | 0.3% | 1.8% | 0.0%
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Table 67: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 15 — Modification 7 to Option 4 in (Moen and Schafer

2011) — minimum of (i) regression analyses of LG equation using Pcr.1-nn and (ii) G equation

Failure mode

predlﬁtlgn Sehctlon ] e G D AL LG. G.D

method | shape o VT 5 T n [ Po | Vo | 6 | n [ Po | Vel 610 [P Vel 610 | Pa] Vo] 6] n
C 1.095]0.12310.892| 6923 11.052]0.117[0.862[4245|0.968[0.083]0.820]1651{1.131]0.073]10.966]3678]1.079]0.116[0.885 [ 16497
rDSM Z 1.15810.09910.967| 3712 11.030]0.178(0.779(1358[1.114[0.051]0.96412548(1.138]0.057]0.9821244411.125]0.101(0.937[10062
Method Hat 1.125]0.08310.954| 1414 11.334]0.190/0.990( 494 11.127(0.064[0.968| 137 [1.083]0.099]0.904| 441 11.159]0.144]0.920( 2486
15 -Rack 1.21110.062(1.042] 461 ]1.005(0.171)10.767{1065(1.022]0.104(0.849] 383 |1.070/0.052]0.926| 391 |1.060]0.145|0.840] 2300
Stiffened C|1.123/0.186[0.840| 317 |0.749[0.134]0.602| 143 |1.056(0.046[0.917| 196 |1.054]0.207[0.761| 245 |1.030]/0.208[0.742| 901
All sections|1.122]0.116(0.921{12827]1.054[0.168]0.809]7305]1.056[0.093[0.887]4915]1.1240.079[0.956|7199]1.0970.123[0.893 32246

Table 68: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 15 — Modification 7 to Option 4

in (Moen and Schafer 2011) — minimum of (i) regression analyses of LG equation using Pcr-1-nh and (ii) G equation

prediction

Section

Failure mode

method shape LD DG LDG AllLD, DG, LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.035/0.19210.7663157(0.94610.141[0.753| 2589 [0.94210.129(0.761| 862 10.988(0.175]0.751| 6608 [1.053]10.139]0.841 (23105
DSM Z 1.107(0.09810.925|4115(1.152]0.066[0.989| 2989 [1.195]0.144(0.948]1605711.158(0.122]10.943{131611.144]10.115]0.940(23223
Method Hat 1.167(0.15410.914| 585 [(1.059]0.205(0.767] 1927 {1.198]0.217/0.851| 964 11.116(0.209]0.803( 3476 |1.134]10.184({0.849| 5962
15 _Rack 0.964(0.130]0.778| 137 11.077]0.154|0.843| 832 ]1.118|0.155({0.874] 900 |1.089]0.158]|0.848| 1869 |1.073]0.151]0.843{ 4169
Stiffened C[0.7820.436]0.358( 245 |0.902]0.350/0.497| 1727 {0.964]0.323]0.562| 800 |0.909|0.352[0.499| 2772 |0.939{0.322(0.548| 3673
All sections[1.072(0.166(0.825[8239(1.032{0.203{0.750{10064 |1.146|0.187(0.854 9583 [1.083[0.192{0.801 | 27886 [1.090]0.159]0.848|60132
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Table 69: Difference in resistance factors between DSM Method 15 and DSM Method 13 for all columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L G G D ALLG G D
method shape —
P Pn | Vo 6 | Po [ Vo 6 | Po | Vo 6 | Po | Vo 6 | Po | Vo ¢

C 0.8% 0.8% 0.9% 0.0% 12.5% | -1.5% 0.5% -1.2% 0.6% |-11.8% | -66.0% | 5.7% 2.7% | -34.1% | 5.2%
DSM Z 1.0% 0.0% 0.9% 0.7% 1.1% 0.5% 0.6% 4.1% 0.4% -0.4% -6.6% -0.1% 0.5% 0.0% 0.5%
Method Hat 0.9% 0.0% 1.0% 1.0% 0.0% 0.9% 0.4% 3.2% 0.3% 0.6% -1.0% 0.7% 0.8% 0.7% 0.8%
15 Rack 0.9% 0.0% 1.0% 0.7% -2.3% 1.2% 0.4% -1.0% 0.5% 0.4% 6.1% 0.2% 0.6% -0.7% 0.7%
Stiffened C| 0.9% 0.0% 1.0% |-26.4% | -0.7% |-26.3% | 0.4% -2.1% 0.4% |-13.2% | 13.7% |-16.6% | -7.4% 20.9% | -12.5%
All sections| 0.9% 0.0% 1.0% -0.2% 7.0% -1.7% 0.6% 1.1% 0.5% -7.0% | -57.1% 5.6% -1.3% | -19.1% 2.4%

Table 70: Difference in resistance factors between DSM Method 15 and DSM Method 13 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

. . Failure mode
predt'ﬁ“gn Sic“on LD DG LDG AllLD, DG, LDG ALL Failure modes
method | shape g Vo 4 Pm Vo 4 Pm Vy P Pm | Vo ) Pm | Vp 4
C -2.1% 17.8% -6.4% 0.3% 1.4% 0.0% -8.8% |-49.0% | 10.4% | -2.1% | -2.2% | -1.4% -2.5% [-23.6%| 3.6%
DSM Z -1.8% 14.0% -2.8% 0.8% 1.5% 0.8% -0.3% 9.1% -1.8% -0.4% 9.9% -1.7% 0.0% 5.5% | -0.6%
Method Hat 1.0% 0.0% 1.0% 0.8% 0.5% 0.5% 0.9% 0.0% 0.9% 0.8% 0.5% 0.6% 0.8% 0.0% 0.7%
15 : Rack 0.2% 3.2% -0.3% 0.7% 0.0% 0.7% 0.4% -0.6% 0.5% 0.6% 0.0% 0.6% 0.6% -0.7% 0.7%
Stiffened C| -12.3% | 53.5% | -36.2% | -1.7% 9.0% -7.4% -3.2% 7.3% -7.3% -3.1% [12.1% | -10.3% | -4.3% |11.4% | -10.3%
All sections| -1.8% 19.4% -5.4% 0.3% 4.6% -1.2% -1.0% 3.3% -2.1% -0.8% 6.1% -2.4% -1.1% | -4.2% 0.0%
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Simulations - All - all failure modes / DSM
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Fig. 31: Simulation-to-predicted ratios for all columns by DSM Method 14 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 32: Simulation-to-predicted ratios for all columns by DSM Method 14 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)
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Simulations - All - all failure modes / DSM
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Fig. 33: Simulation-to-predicted ratios for all columns by DSM Method 15 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - All - all failure modes / DSM
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Fig. 34: Simulation-to-predicted ratios for all columns by DSM Method 15 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)

3.3. Method 16-17 — use Pcr1-nh @and Perd-nh @and/or regression analyses

Another two DSM methods were explored which were based on the observations of the results from DSM
Methods 9-12 described in Section 3.2.1, which showed that replacing the Pecr1-n in Equations (15)-(16) by
Pcr1-nh barely made any influence to the predicted strengths, and on the other hand replacing the Pergh in
Equations (17)-(20) by Pecr-a-nh could reduce the scatter of the predictions for a majority of individual sections
and failure modes. Therefore, in DSM Method 16 and 17, both the Pecr-1-h and Per-a-h in DSM Method 6 (i.e.
Option 4 in (Moen and Schafer 2011)) were replaced by Pcr-1-nh and Per-a-nh. In addition, these two methods

differed in that Method 16 simply factored the final predicted strength by a single constant of 0.8 in order to
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achieve ¢=0.85 as prescribed in AS/NZS 4600 DSM, while Method 17 used a regression analysis of the final

predicted strength to achieve so.

3.3.1. Method 16 — use Pcr-1-nh and Pcr-d-nh — all

The statistical results for DSM Method 16 are presented in Table 71-Table 72, along with the simulation-
to-predicted ratios for all columns illustrated in Fig. 35-Fig. 36. More detailed figures of the same kind

regarding each section are provided in Section P.1.

As expected, DSM Method 16 resulted in almost identical Vp values to those by DSM Method 11 (with
only Pcrah replaced by Perann), but the use of an additional penal factor of 0.8 raised the overall resistance
factor significantly from 0.711 as in Method 11 to 0.886 (i.e. 24.6% increase), although the ¢ values of 0.70
and 0.67 for Hat and Stiffened C sections were not satisfactory. Furthermore, one the one hand, if the L, LG,
G and D modes were considered altogether, the ¢ value for every section type successfully exceeded 0.85,
although the ¢ values of 1.033 and 1.050 for C and Z sections were deemed to be overly safe. On the other
hand, if the LD, DG and LDG modes were considered altogether, all the sections except Z section failed to
reach ¢ values of 0.85, which was mainly due to the large variations (indicated by the value of Vp) in their

predictions, as well as the low Pn values for Hat and Stiffened C sections.

Nevertheless, DSM Method 16 was still improved in general over DSM Method 6 (i.e. the original Option
4 in (Moen and Schafer 2011)), and the improvements were threefold: (i) the ¢ values had been increased
significantly for many more sections and failure modes, and (ii) the overall scatter of the predictions decreased
slightly, especially for the C section which showed a marked decrease of 10.8% in its value of V, (the
increases in the values of Vp for the other sections were not significant), and (iii) the replacement of Pcr-y-n and
Pcr-a-h in the original DSM Method 6 indicated that instead of following the complex procedure set out in (Moen
and Schafer 2009) to calculate Pcr-1-h and Per-g-h Which involved the choice of a proper buckling halfwavelength
and the computation of weighted section properties, etc., one only needs to use a conventional FSM analysis

based on the gross section.
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Table 71: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 16 — Modification 8 to Option 4 in (Moen and Schafer

2011) — use Per-1-nh and Pera-nh, factor final strengths by 0.8

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG. G.D

metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.347]0.135]1.081| 6923 11.282]0.107[1.062[4245]1.175[0.098]0.982]1651{1.385]0.206]1.002]3678]1.322]0.155[1.033[16497
DSM Z 1.333]0.11211.098| 3712 11.230]0.175/0.934[13581.299(0.045]1.128]2548(1.196]0.090]1.007)244411.277]0.114(1.050{10062
Method Hat 1.060]0.10210.883| 1414 11.150]0.185/0.860( 494 11.359/0.044(1.181] 137 (1.039]0.162]0.804| 441 11.091]0.149]0.859| 2486
16 _Rack 1.221]0.093]11.025| 461 11.068]|0.205/0.774{1065]1.238(0.114(1.017] 383 [1.058[0.104]10.880] 391 |1.125]0.170]0.862{ 2300
Stiffened C|1.181{0.113]0.972| 317 |1.148[0.138|0.918( 143 |1.280|0.067[1.098| 196 |1.262[0.241|0.859| 245 |1.219/0.163]0.942( 901
All sections[1.302]0.143]1.034{12827(1.230]0.155(0.9627305]1.254{0.086]1.059(4915{1.278]0.200/0.9347199|1.273|0.156]0.994 | 32246

Table 72: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 16 — Modification 8 to Option 4

in (Moen and Schafer 2011) — use Per-1-nh and Per-a-nh, factor final strengths by 0.8

. . Failure mode
pred'ﬁ“g” Sehc“on LD DG LDG AILLD. DG. LDG ALL Failure modes
method | shape o T T 5 T n [P | Vo | 6 | n | Po | Vel 6 | n P Vo] 6] n | Po| Vel 6] n
C 1.017)0.173]0.775(3157(1.034]0.181]0.778] 2589 [1.261]0.168]0.967| 862 |1.055{0.191]0.782| 6608 |1.245|0.190]0.92423105
DSM Z 1.124(0.118]0.920(4115(1.236]0.111(1.020] 2989 [1.296]0.163(1.001]6057]1.228(0.154]10.961[13161(1.250]/0.139]0.998(23223
Method Hat 0.89410.181(0.673] 585 10.933(0.28810.582] 1927 11.005/0.250]0.673] 964 [0.946]0.266|0.616] 3476 [1.006/0.229]0.700| 5962
16 _RaCk 0.918]10.106]0.762| 137 |11.076]0.172{0.821| 832 1.047]0.183(0.786] 900 {1.051/0.179]0.794| 1869 |1.092]0.177]0.827| 4169
Stiffened C|0.893[0.203]0.650 245 10.935(0.298]0.572| 1727 |1.028[0.200|0.751 | 800 |0.958[0.267]0.622| 2772 [1.022]0.262]0.670| 3673
All sections[1.056(0.163[0.817(8239(1.061{0.230{0.737[/10064 |1.218|0.201/0.888|9583[1.113/0.213{0.796|27886[1.199]0.193]0.886|60132
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Simulations - All - all failure modes / DSM
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Fig. 35: Simulation-to-predicted ratios for all columns by DSM Method 16 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 36: Simulation-to-predicted ratios for all columns by DSM Method 16 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)

3.3.2. Method 17 — use Pcr-1-nh @and Per-d-nh @and regression analyses — all

With regards to DSM Method 17, apart from replacing Pcr-1-h and Per-da-h by Per-1-nh @nd Per-g-nh in DSM
Method 6, a regression analysis was performed based on the minimum of the local-global buckling strength
P,. (i.e. egns. (15)-(16)), the distortional buckling strength P, (i.e. egns. (17)-(20)), and the global buckling
strength P _ (i.e. eqns. (13)-(14)). The final predicted strength is defined as:

P =FIxmin(P,,, P

nle> " nd?

P.e) 24

where F1 is per Equation (23) with all the constants defined as:
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Table 73: Constants from regression analysis for DSM Method 17

a b C d e f
9.04E-01 | 5.91E-02 |-3.68E-02| 4.30E-02 | -2.12E-01 | -2.38E-02
g h i i Kk m
5.26E-03 | 1.35E-03 |-2.22E-03 |-7.02E-03 |-7.49E-03| 7.73E-02

The performance of DSM Method 17 is shown in Table 75-Table 76 for the statistics of the predictions
and in Fig. 37-Fig. 38 for the simulation-to-predicted ratios for all columns. More detailed figures regarding the
simulation-to-predicted ratios for each section are provided in Section Q.1. In addition, the percentage
differences of the statistics between Method 17 and Method 16 as well as between Method 17 and Method 13
are also given in Table 77-Table 78 and Table 79-Table 80, respectively.

In general, DSM Method 17 performed better than Method 16, as demonstrated by a significant decrease
in the overall scatter (indicated by a 15.5% decrease in the value of Vp), and also a marked increase of 20.7%
(from 0.700 to 0.845) in the resistance factor ¢ for Hat section. However, the major drawback of Method 17
was that it performed poorly against Stiffened C sections, as shown by the 13.4% increase in the overall value
of Vp, which resulted in an overall ¢ value of only 0.628. Also, the method did not perform satisfactorily for C

and Hat sections subjected to the collection of LD, DG and LDG modes.

In addition, when the performance of Method 17 was compared to that of Method 13 which also involved
the use of regression analysis and all the three sets of strength equations, it was seen that the major
difference lay in the value of V, for C section which decreased substantially under Method 17 by 18.1% in its
overall value. In particular, the values of V, for C section decreased by a massive 40% and 47% for the D and
LDG modes. This improvement was clearly reflected in Fig. 37-Fig. 38 where the considerable discrepancies
associated with the D mode of C section, as shown in Fig. 29-Fig. 30, almost disappeared. This indicates that
those over-predictions by the distortional strength equations had been partially “corrected” by the regression
factor F1. However, the improvement on C section was accompanied by a slight deterioration in the strength
predictions for the other sections, as shown by their slightly larger scatter represented by increases of 2.8%-

15.8% in their overall V, vaules.

As the regression constants listed in Table 73 failed to produce accurate and reliable predictions for
Stiffened C section, as demonstrated by its overall V; value of 0.297 and overall ¢ value of 0.628, a separate
regression analysis based on DSM Method 17 was carried out on Stiffened C section only. The resulting

regression constants are presented in Table 74.

Table 74: Constants from regression analysis for DSM Method 17 — Stiffened C section only

a b C d e f
8.58E-01 | 1.65E-02 |-4.95E-02 | 0.00E+00 | -1.65E-01 | -1.65E-02
g h [ j Kk m
1.10E-02 | 5.50E-04 | -6.60E-04 | -5.50E-03 | -2.75E-02 | 2.20E-01
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Table 81-Table 82 present the statistics of the predictions by means of the separate regression analysis
for all columns made from Stiffened C section, while Table 83-Table 84 list the percentage differences of the
statistics between Table 81-Table 82 and Table 75-Table 76.

The results demonstrate that this separate regression analysis significantly improved the performance of
the prediction for Stiffened C section. Not only did the overall ¢ value improve from 0.628 to 0.856, but more
importantly, the overall scatter in the predictions represented by the value of V, was reduced by almost 20%
(from 0.297 to 0.238). A close observation of the results for each failure mode showed that the scatter was
reduced for all the modes except the D mode which had an 8.9% increase in the value of V. In addition, the ¢
value for the DG mode was the only one that did not satisfy the prescribed value of 0.85 as in the current DSM
standards, although the ¢ values for the L, LG, G and LDG mode were considered overly conservative.
Despite these improvements, the overall scatter in the predictions for Stiffened C section (i.e. Vp=0.238) was
still larger than that for the other sections as listed in Table 76. This was mainly attributed to the large scatter
associated with the D and DG mode, as shown by their V, values of 0.293 and 0.264 respectively, which

failed to be reduced by the separate regression analysis.

In addition, the simulation-to-predicted ratios for Stiffened C section are also presented in Fig. 39 and Fig.
40 using the regression constants in Table 73 and Table 74 respectively. It is clear that although the scatter
had been significantly reduced by the separate regression analysis, it still clearly existed, especially for the D
and DG modes. This observation suggests that in addition to LG interaction, DG interaction should also be
included in the basis of the DSM.
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Table 75: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 17 — Modification 9 to Option 4 in (Moen and Schafer

2011) — use Per-1-nh and Per-d-nh, regression analyses of final strengths

Failure mode

predlﬁtlgn Sehctlon L LG G D AL LG, G, D

metho shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.158]0.10810.958| 6923 ]1.115[/0.104]0.92614245[1.08410.084]0.91811651(1.287]0.129]11.040]367811.168]|0.126(0.947(16497
DSM Z 1.205]0.09711.008| 3712 [1.108[0.183]0.832]1358(1.237]10.060]1.065]|2548]1.218]0.0811.034(2444]11.203/0.105]0.999]10062
Method Hat 1.165]0.10410.968| 1414 |1.456(0.226]1.018] 494 (1.338]0.077]1.139] 137 |1.164]0.113]0.959] 441 11.232|0.177[0.934| 2486
17 _Rack 1.233]10.077]1.050| 461 [1.104(0.242]10.751]11065(1.158]0.086]0.978] 383 |1.117]0.051]0.967 391 ]1.141(0.174[0.868| 2300
Stiffened C|1.118{0.151]0.879| 317 [1.015]|0.120/0.829| 143 |1.185(0.0641.018 196 [1.324|0.269[0.856| 245 [1.172]0.208(0.845| 901
All sections[1.174]0.107]0.973{12827]1.133|0.179[0.855]|7305(1.180]0.095]|0.990(4915]1.248(0.128]1.010|7199(1.182)0.133{0.951 32246

Table 76: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 17 — Modification 9 to Option 4

in (Moen and Schafer 2011) — use Pecr-1-nh and Per-d-nh, regression analyses of final strengths

Failure mode

predt'ﬁ“gn Sic“on LD DG LDG AllLD, DG, LDG ALL Failure modes
metod ) shape e T v, [ g T n [ Pe [ Vol 6] n [Po | Vol 6 n | Pa Vel 6] n [Pa]Ve] ¢ | n
C 1.012]0.166]0.779|3157|0.999|0.155 [0.781] 2589 [1.022[0.134[0.821] 862 |1.008|0.158]|0.785| 6608 |1.122|0.149]0.884|23105
DSM Z 1.095[0.090[0.922[4115[1.209]0.079] 1.028] 2989 [1.197(0.153]0.938[6057]1.168]0.130[0.943[ 13161 [ 1.183[0.120]0.966 [ 23223
Method Hat _ [1.181]0.160[0.916] 585 |1.081]0.217[0.767] 1927 |1.247]0.260|0.821| 964 |1.144]0.233]0.790] 3476 |1.181[0.213|0.845] 5962
17 Rack [1.108]0.115[0.910[ 137 [1.092]0.155]0.853| 832 [1.187[0.160]0.921] 900 [1.139]0.161]0.883| 1869 |1.140[0.168]0.875] 4169
Stiffened C [0.938[0.323[0.546 | 245 [0.963]0.317]0.568| 1727 |1.018|0.301[0.619] 800 [0.977[0.314[0.579] 2772 |1.025|0.297]0.628] 3673
All sections| 1.065 [0.146]0.843 8239/ 1.078]0.200] 0.787] 10064 | 1.171 | 0.190| 0.868 [ 9583 | 1.106 [ 0.188 [ 0.824 | 27886 | 1.1470.163[ 0.887 [ 60132
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Table 77: Difference in resistance factors between DSM Method 17 and DSM Method 16 for all columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L e G D ANlL LG. G D
method shape —
P Pr Vp 4 Pm Vp P Pm Vo P Pr Vo 4 P Vv, P

C -14.0% | -20.0% |-11.4% [ -13.0% | -2.8% |-12.8% | -7.7% -14.3% -6.5% | -7.1% | -37.4% 3.8% |-11.6% | -18.7% | -8.3%
DSM Z -9.6% | -13.4% | -8.2% | -9.9% 4.6% |-10.9% | -4.8% 33.3% -5.6% 1.8% | -10.0% 2.7% -5.8% -7.9% -4.9%
Method Hat 9.9% 2.0% 9.6% 26.6% | 22.2% | 18.4% | -1.5% 75.0% -3.6% | 12.0% | -30.2% | 19.3% | 12.9% | 18.8% 8.7%
17 Rack 1.0% | -17.2% | 2.4% 3.4% 18.0% | -3.0% | -6.5% -24.6% -3.8% 5.6% | -51.0% | 9.9% 1.4% 2.4% 0.7%
Stiffened C| -5.3% | 33.6% -9.6% |-11.6% | -13.0% | -9.7% | -7.4% -4.5% -7.3% 4.9% 11.6% -0.3% | -3.9% 27.6% |-10.3%
All sections| -9.8% | -25.2% | -5.9% | -7.9% 15.5% |-11.1% | -5.9% 10.5% -6.5% | -2.3% | -36.0% 8.1% -7.1% | -14.7% | -4.3%

Table 78: Difference in resistance factors between DSM Method 17 and DSM Method 16 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

School of Civil Engineering
The University of Sydney

- . Failure mode
prediction|  Section LD DG LDG AllLD, DG, LDG ALL Failure modes
method shape
Pm Vp ¢ Pm Vp ¢ Pm VD ¢ Pm Vp ¢ Pm Vp ¢
C -0.5% -4.0% 0.5% -3.4% | -144% | 0.4% | -19.0% | -20.2% | -15.1% | -4.5% |-17.3%| 0.4% -9.9% |-21.6% | -4.3%
DSM Z -2.6% | -23.7% | 0.2% -2.2% | -28.8% | 0.8% -7.6% | -6.1% | -6.3% | -4.9% |-15.6%| -1.9% | -5.4% [-13.7% | -3.2%
Method Hat 32.1% | -11.6% | 36.1% | 15.9% | -24.7% | 31.8% | 24.1% | 4.0% 22.0% | 20.9% |-12.4%| 28.2% | 17.4% | -7.0% | 20.7%
17 Rack 20.7% 8.5% 19.4% 1.5% -9.9% 3.9% 13.4% [ -12.6% | 17.2% 8.4% 1-10.1%| 11.2% 44% | -5.1% | 5.8%
Stiffened C[ 5.0% 59.1% [-16.0% | 3.0% 6.4% -0.7% | -1.0% | 50.5% [-17.6% | 2.0% |17.6% | -6.9% 0.3% 113.4% | -6.3%
All sections| 0.9% | -10.4% 3.2% 1.6% | -13.0% 6.8% -3.9% | -5.5% | -2.3% | -0.6% |-11.7%| 3.5% -4.3% |-15.5%| 0.1%
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Table 79: Difference in resistance factors between DSM Method 17 and DSM Method 13 for all columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L G G D ALLG G D
method shape —
P Pr Vp 4 Pm Vp P Pm Vo P Pr Vo 4 P Vp P
C 6.6% | -11.5% | 8.4% 6.0% 0.0% 5.8% 12.6% 0.0% 12.6% | 0.3% | -40.0% | 13.8% 53% | -28.4% | 12.6%
DSM Z 5.1% -2.0% 5.2% 8.3% 4.0% 7.4% 11.7% 22.4% 10.9% 6.7% 32.8% 5.2% 7.5% 4.0% 7.2%
Method Hat 4.5% 25.3% 2.4% 10.2% | 18.9% 3.8% 19.3% 24.2% 18.0% | 8.1% 13.0% 6.8% 7.1% 23.8% 2.3%
Rack 2.8% 24.2% 1.7% 10.6% | 38.3% | -0.9% | 13.8% -18.1% 15.7% | 4.8% 4.1% 4.7% 8.3% 19.2% 4.1%
17

Stiffened C| 0.4% | -18.8% 5.6% -0.3% | -11.1% 1.5% 12.6% 36.2% 11.5% 9.1% 47.8% -6.1% 5.4% 20.9% -0.4%
All sections| 5.6% -7.8% 6.7% 7.3% 14.0% 3.9% 12.4% 3.3% 12.1% 3.2% -30.4% | 11.6% 6.4% -12.5% 9.1%

Table 80: Difference in resistance factors between DSM Method 17 and DSM Method 13 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

School of Civil Engineering
The University of Sydney

Research Report R949

- . Failure mode

prediction|  Section LD DG LDG AllLD, DG, LDG ALL Failure modes
method shape

Pm Vp ¢ Pm Vp ¢ Pm VD ¢ Pm Vp ¢ Pm Vp ¢

C 43% | _1.8% | 4.8% | 5.9% | 11.5% | 3.7% | -1.1% | -47.0% | 19.2% | 0.1% |-11.7%| 3.0% | 3.9% |-18.1%| 8.9%

DSM Z 2.8% | 47% | 3.2% | 5.8% | 21.5% | 4.8% | 0.1% | 15.9% | 2.8% | 0.4% |17.1% | -1.7% | 3.4% | 10.1% | 2.1%

Method |—Hat 22% | 3.9% | 12% | 2.9% | 6.4% | 05% | 5.1% | 19.8% | 2.6% | 3.3% |12.0% | -1.0% | 5.0% |15.8% | 0.2%

17 Rack | 15.2% | 8.7% | 16.7% | 2.2% | 0.6% | 1.9% | 6.6% | 2.6% | 59% | 52% | 1.9% | 4.7% | 6.8% |10.5% | 4.5%

Stiffened C|_5.2% | 13.7% | 2.7% | 4.9% | 12% | 5.8% | 2.2% | 0.0% | 2.1% | 4.2% | 0.0% | 4.1% | 4.5% | 2.8% | 2.8%

All sections| -2.5% | 5.0% | 3.3% | 4.8% | 3.1% | 3.7% | 1.2% | 5.0% | -0.5% | 1.3% | 3.9% | 0.4% | 4.1% | -1.8% | 4.6%
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Table 81: Resistance factors for stiffened C section columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 17 — Modification 9 to Option 4 in

(Moen and Schafer 2011) — use Pcr-1-nh @and Perd-nh, Separate regression analyses of final strengths

Failure mode

prediction] Section L LG G D AL LG G D
method Shape Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
DSM
Method | Stiffened C|1.226|0.090|1.032| 317 [1.505(0.0811.278| 143 (1.384(0.050(1.199| 196 |1.529(0.293(0.944 | 245 |1.387|0.203|1.009| 901
17
Table 82: Resistance factors for stiffened C section columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 17 —
Modification 9 to Option 4 in (Moen and Schafer 2011) — use Pcr-1-nh and Per-a-nh, Separate regression analyses of final strengths
redictionl  Section Failure mode
pmet'h(; ¢ Sha‘ - LD DG LDG All LD, DG, LDG ALL Failure modes
et P Vo [ g [n P [ Vo] 6] n [P Vo] 6 n|Pa]Vo] 6] n [PV ¢ ] n
DSM
Method | Stiffened C |1.135(0.149(0.894| 245 (1.142]0.264|0.745( 1727 |1.368(0.1621.058| 800 (1.206|0.240|0.823| 2772 |1.251|0.238|0.856| 3673
17
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Table 83: Difference in resistance factors between Table 81 and Table 75 for Stiffened C columns failing in modes L, LG, G, D, and L+LG+G+D

Design of Perforated Thin-walled Steel Columns

Failure mode

p;fgtiﬁggn Sgi‘;:)"e” L LG G D AL LG, G,D
Pn | V, 5 | Pm | Vs 4 | Pm Vs 5 | Pm | Vo 5 | Pm | Vo P
DSM
Mengd Stiffened C| 9.7% | -40.4% | 17.4% | 48.3% | -32.5% | 54.2% | 16.8% -21.9% 17.8% | 15.5% 8.9% 10.3% | 18.3% | -2.4% 19.4%
(for SC)

Table 84: Difference in resistance factors between Table 82 and Table 76 for Stiffened C failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes

Failure mode

prediction Ssi‘g:ooe” LD DG LDG AllLD, DG, LDG ALL Failure modes
P Vp o Pm Vp @ Pm Vp @ Pm Vp ) Pm Vp )
DSM
Me]'fg()d Stiffened C| 21.0% | -53.9% | 63.7% | 18.6% | -16.7% | 31.2% | 34.4% | -46.2% | 70.9% | 23.4% |-23.6% | 42.1% | 22.0% |-19.9% | 36.3%
(for SC)
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Simulations - All - all failure modes / DSM

o] 10000 20000 30000 40000 50000 60000
Specimen No.

Fig. 37: Simulation-to-predicted ratios for all columns by DSM Method 17 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - All - all failure modes / DSM
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Fig. 38: Simulation-to-predicted ratios for all columns by DSM Method 17 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)
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2.5 Simulations - SC - all failure modes / DSM
&
2 3
1.5 ; ?'
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o WEY F iy &
0.5 =
0]
6] 500 1000 1500 2000 2500 3000 3500

Specimen No.

Fig. 39: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 17 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

3 Simulations - SC - all failure modes / DSM

Y il

ba  F
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Fig. 40: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 17 by separate

regression parameters with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
3.4. Method 18-19 —include DG interaction and/or regression analyses

3.4.1. Method 18 —include DG interaction — all

The studies carried out in Sections 2.1.1, 2.2.1, 2.2.2 and 2.2.3 on non-perforated columns clearly
showed that among DSM Methods 1-4, Method 2 which considered LG and DG interactions produced the
smallest scatter in the predictions. Therefore, a new method (i.e. DSM Method 18) was explored which
modified the distortional strengths equations (17)-(20) in Method 6 (i.e. Option 4 in (Moen and Schafer 2011)

to include the interaction with global buckling. Also, following the considerations described at the beginning of
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Section 3.3, Pcr-1-nh @nd Perdanh were used instead of Perj-h and Pera-h. The formulae for calculating the DG

interaction strength P, are given as

For A, <4,, P.=P.. (25)
P —P
For Ay, <Ay < Ay, Pe=Puin — {Mfﬂdz](ﬂdz - )“dl) (26)
@~ M
P )b 06
For A, > A,, P.= 1—0.25{ “r'd'“h] ( clgd'“hj P. (27)

where 4, =[P, /P, ., . P, =min(P, P,), 4,=0.561(P, /P,),

min ne,  yn

1. 1.2

/”td2=0.561(14(Py /P, —13) , and Pd2=(1-0.25(1/;td2) 2)(1//1d2) P

ne °

Besides, for completeness, the local buckling (or LG interactive buckling) strength equations are,

For 4, <0.776, P, =P, <P, (28)
0.4 0.4
P -l -nh P -l -nh
For 4, >0.776, P, .=|1-0.15 P— P— P.<P, (29)

where A,,=(P,_ /P, .)"°. The global buckling strength equations are,

For 4, <1.5: Pne=(0.658*3 ) P, (30)

P (31)

2 y

C

For A4, > 1.5: PHCZ(M]

where 4, =(P,/P,., )’? . Therefore, the final strength using DSM Method 18 was taken as

Pn = mln( Pn Pnde b Pne ) (32)

le?
The statistics of the predictions by DSM Method 18 are tabulated in Table 85-Table 86, along with the
simulation-to-predicted ratios for all columns illustrated in Fig. 41-Fig. 42. More detailed figures of the same

kind for each section are provided in Section R.1.

The influence of considering DG interaction in Method 18 can be demonstrated by comparing the
statistics to Method 11 (although Method 11 used Pecr-1-h, it has been shown that Pcr-1-n was the same as Per-1-nh

for the vast majority of cases), as shown in Table 87-Table 88 the percentage differences of the statistics
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between Method 18 and 11. Overall, Method 18 performed better than Method 11 in that the overall value of
Pm increased by 2.1% from 0.961 to 0.981, the overall value of V, decreased by 5.7% from 0.192 to 0.181,
and the overall value of ¢ increased by 3.9% from 0.711 to 0.739. In particular, improvement in prediction was
seen for every section type, especially Stifffened C section whose Vp value decreased by a significant amount
of 18.4%, resulting in an increase of 20.1% in the value of ¢. This improvement mainly came from the DG and
LDG modes, which proved the aforementioned assumption that DG interaction should be included in the DSM
equations in order to reduce the large scatter associated with Stiffened C section. In addition, among all failure
modes, Method 18 performed worst against the LG mode as shown by an overall 6.1% increase in the value
of Vp, especially for Z section failing in this mode which experienced a massive 105.7% increase in the value
of Vp. Otherwise, Method 18 gave a generally good performance for the DG and LDG modes (although it
worked poorly against the LDG mode of C section whose Vp value increased by 27.4%), while making almost

no difference to the L, G, D, and LD modes.

In addition, a comparison between Fig. 41-Fig. 42 and Fig. 25-Fig. 26 (for Method 11) can visually
demonstrate the slightly reduced scatter related to DG and LDG modes, as well as to Rack and Stiffened C

sections.

In addition, in order to achieve an overall resistance factor ¢ of about 0.85 as stipulated in the existing

DSM, a penalty factor of 0.85 was applied to the final predicted strength such that,

P =0.85xmin(P,., P

nle> " nde®

Pee) (33)

The statistics of the resulting predictions are tabulated in Table 89-Table 90, along with the simulation-to-
predicted ratios for all columns illustrated in Fig. 43-Fig. 44. More detailed figures of the same kind for each
section are provided in Section R.2. The additional 0.85 factor did not change the scatter of the prediction
(represented by Vp) but raised the mean Pm and hence the resistance factor ¢ uniformly for all failure modes

and section types. However, it failed to raise the overall ¢ values to 0.85 for Hat and Stiffened C sections.
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Table 85: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 18 — Madification 10 to Option 4 in (Moen and

Schafer 2011) — replace D equation by DG interaction equation, use Pecr-1-nh @and Per-d-nh

Failure mode

predlﬁtlgn Sehctlon ] e G D AL LG. G.D

method | shape o VT 5 T n [ Po | Vo | 6 | n [ Po | Vel 610 [P Vel 610 | Pa] Vo] 6] n
C 1.077]0.135]10.865| 6923 11.043]0.124(0.848[4245/0.942(0.096]0.789]1651(1.108]0.206]0.802]3678]1.062]0.157(0.828 [ 16497
DSM Z 1.066]0.11210.879| 3712 10.995]0.179(0.752[13581.053[0.043]0.91612548(0.957]0.090]0.806]244411.027]0.115(0.844 (10062
Method Hat 0.848(0.102(0.706| 1414 [0.932]0.187]0.695| 494 11.08710.044]10.945( 137 10.831/0.162(0.643| 441 [0.875]0.151]0.688| 2486
18 -Rack 0.97710.09310.820( 461 [0.897]0.182({0.674]11065]0.990(0.11410.814 383 (0.847]0.104(0.704] 391 10.920(0.154]0.720{ 2300
Stiffened C|0.945(0.113[0.778| 317 |0.964[0.137]0.771] 143 |1.024(0.067(0.878| 196 |1.009]0.241(0.687| 245 10.983]|0.161[0.762| 901
All sections|1.0420.143(0.827(128271.004[0.157]0.782]7305]1.011(0.087[0.853]4915]1.0220.200(0.747]7199]1.0240.155[0.800|32246

Table 86: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 18 — Modification 10 to Option 4

in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr.1-nh and Per-g-nh

Failure mode

p:ﬁgt'ﬁggn Ssehcatl'ge” LD DG LDG AlLLD. DG, LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 0.813(0.173[0.620(3157]0.866/0.163]0.670| 2589 |1.056]0.214]0.754| 862 10.866]0.200]0.633| 6608 |1.006{0.189]0.748123105
DSM Z 0.899(0.118(0.736(4115]|1.039/0.098|0.868| 2989 |1.067]|0.147]0.842]16057]1.008]0.150]0.794]113161]1.016(0.136[0.815]23223
Method Hat 0.715(0.181{0.538 585 |0.820/0.240/0.560| 1927 ]0.855]|0.232|0.592| 964 10.812]0.238|0.556| 3476 [0.838[0.207]0.606| 5962
18 _Rack 0.73410.106]0.609] 137 10.917]0.179{0.693| 832 10.947]0.154(0.741] 900 {0.918(0.174]10.699| 1869 10.919]0.163]0.710| 4169
Stiffened C[0.715[0.203[0.520( 245 [0.867[0.237{0.594| 1727 |0.951/0.153/0.745| 800 [(0.877[0.223[0.617| 2772 [0.903]0.213]0.646| 3673
All sections|0.845(0.163]0.654(8239]0.913|0.197[0.670] 10064 |1.024{0.17810.774|9583]0.931]0.198[0.683| 27886 (0.981]0.181{0.739]| 60132
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Table 87: Difference in resistance factors between DSM Method 18 and DSM Method 11 for all columns failing in modes L, LG, G, D, and L+LG+G+D

Failure mode

prediﬁ“g” S‘f]C“O” L LG G D AL LG, G,D

method | shape ™5 =T/, p Pn | Vo y P v, P Pn | Vo p Pn | Vo y
C 01% | 07% | 01% | 1.7% | 150% | 02% | 02% | 2.0% | 04% | 00% | 00% | 00% | 04% | 1.3% | 0.1%
S Z 0.0% | 0.0% | 0.0% |-10.3% | 105.7% | -19.7% | 1.2% | -4.4% | 1.4% | 00% | 0.0% | 0.0% | -0.7% | 12.7% | -2.0%
Method | —Hat | -05% | 6.2% | -11% | 1.0% | 33% | 01% | 0.0% | 00% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 3.4% | 0.7%
i Rack | 0.0% | 0.0% | 0.0% | 5.0% | -11.0% | 8.9% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 22% | -9.4% | a.5%
Stiffened C| -0.5% 6.6% -1.1% 4.9% -0.7% 5.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.6% 0.0% 0.7%
All sections| -0.1% 0.7% -0.2% 0.5% 6.1% -0.9% 0.8% 1.2% 0.7% 0.0% 0.0% 0.0% 0.1% 1.3% -0.1%

Table 88: Difference in resistance factors between DSM Method 18 and DSM Method 11 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

Failure mode

predt'ﬁ“gn Sic“on LD DG LDG AlLD, DG, LDG ALL Failure modes
method | shape P Vo 4 P Vo 4 P Vy P P Vp ) P Vo 4
C 0.0% | 0.0% | 0.0% | 47% | 9.9% | 7.5% | 4.7% | 27.4% | 2.6% | 2.6% | 4.7% | 1.1% | 09% |-05% | 1.1%
DSM Z 0.0% | 00% | 0.0% | 51% | 11.7% | 6.4% | 2.9% | 9.8% | 51% | 2.5% | -2.6% | 33% | 1.2% | 0.0% | 1.2%
Method |—Hat 0.1% | 1.7% | 06% | 9.6% | -16.1% | 19.4% | 4.8% | -1.3% | 53% | 6.6% | -8.8% | 11.2% | 3.6% | -7.6% | 6.9%
18 Rack 0.0% 0.0% 0.0% 6.5% 4.1% 5.6% 13.0% | -15.8% | 17.8% 9.3% -2.8% | 10.1% 5.3% -7.9% 7.3%
Stiffened C| 0.0% 0.0% 0.0% 15.6% | -20.2% | 29.1% 15.7% | -23.9% | 24.2% 14.2% |-16.5% | 23.6% 10.3% |-18.4% | 20.1%
Al sections| 0.0% | 0.6% | 00% | 7.4% | -14.0% | 13.4% | 5.0% |-10.6% | 8.4% | 4.4% | -6.6% | 7.1% | 2.1% | -5.7% | 3.9%
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Table 89: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 18 — Madification 10 to Option 4 in (Moen and

Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-a-nh, factor final strengths by 0.85

Failure mode

predlﬁtlgn Sehctlon ] e G D AL LG. G.D

method | shape o VT 5 T n [ Po | Vo | 6 | n [ Po | Vel 610 [P Vel 610 | Pa] Vo] 6] n
C 1.26810.135]1.017| 6923 11.227]0.124(0.997[4245|1.109[0.0960.929]1651(1.304]0.206]0.94313678]1.249]0.157(0.974 (16497
DSM Z 1.25410.11211.034| 3712 11.171]0.179(0.884[13581.239(0.043]1.077]2548(1.126]0.090]0.9481244411.208]0.115[0.992 [10062
Method Hat 0.998(0.102(0.831| 1414 [1.096]0.18710.818| 494 11.279]10.044]1.112( 137 |10.9780.162(0.757| 441 [1.029]0.151]0.809| 2486
18 -Rack 1.14910.093[0.965| 461 ]1.056(0.182]0.793(1065(1.165]0.114(0.958] 383 10.996/0.104]0.828| 391 |1.082]0.154|0.847] 2300
Stiffened C1.112/0.113(0.915| 317 |1.134(0.137]0.907] 143 |1.205/0.067(1.033| 196 |1.187]0.241(0.808| 245 |1.156]0.161[0.896| 901
All sections|1.226/0.143(0.973[128271.181(0.157]0.920]7305]1.189(0.087[1.00414915]1.203|0.200[0.879]7199]1.2050.155[0.942 |32246

Table 90: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 18 — Modification 10 to Option 4

in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per.d-nn, factor final strengths by 0.85

Failure mode

p:ﬁgt'ﬁggn Ssehcatl'ge” LD DG LDG AlLLD. DG. LDG ALL Failure modes
Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 0.957(0.17310.729(3157{1.019(0.163[0.788 | 2589 [1.243[0.214(0.887 862 |1.018]|0.200/0.744 | 6608 [1.183]0.189]0.879]23105
DSM Z 1.058]0.11810.86614115]1.222]0.098]1.022] 2989 ]1.255]0.147]0.991]16057(1.186{0.150{0.934]13161]1.195]0.136]/0.958 (23223
Method Hat 0.841(0.181{0.633[ 585 [0.965(0.240/0.659( 1927 [1.006{0.232[0.696| 964 |10.955]|0.238|0.654 [ 3476 [0.986]0.207]0.713| 5962
18 _Rack 0.86410.106]0.717] 137 |11.079]0.179]0.815( 832 ]1.114]0.154{0.872]| 900 ]1.080{0.174]0.822| 1869 |1.081]0.163]0.836] 4169
Stiffened C[0.841(0.203[0.612 245 [1.019]0.237{0.699| 1727 [1.118{0.153[0.876( 800 [1.032{0.223[0.726| 2772 [1.063]0.213]|0.760| 3673
All sections|0.994(0.163]0.769(8239]1.074(0.197]0.788]| 10064 [1.204]0.178]0.911{9583]1.095/0.198]0.803 [ 27886 [1.154]0.181|0.869 (60132
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Simulations - All - all failure modes / DSM
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Fig. 41: Simulation-to-predicted ratios for all columns by DSM Method 18 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 42: Simulation-to-predicted ratios for all columns by DSM Method 18 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)
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Simulations - All - all failure modes / DSM
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Fig. 43: Simulation-to-predicted ratios for all columns by DSM Method 18 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG), factor final strengths by 0.85
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Fig. 44: Simulation-to-predicted ratios for all columns by DSM Method 18 with classified section types

(from left to right: C, Z, Hat, Rack and Stiffened C), factor final strengths by 0.85

3.4.2. Method 19 —include DG interaction and use regression analyses — all

In terms of producing a small scatter in prediction (as indicated by the value of V), DSM Method 18 was
by far the best-performing design scheme among those not using a regression analysis (i.e. DSM Method 1-
12, 16, and 18). Therefore, based on Method 18 a regression analysis was carried out to further improve its

performance. This hew scheme constituted DSM Method 19 which is defined as

P =F1xmin(P, , P

nle® " nde?

Pee) (34

where (i) F1 is obtained from the regression analysis and computed as per Equation (35) with all the

constants defined in Table 91, (i) P, represents the LG buckling strength via Equations (28)-(29), (iii) P,,.
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stands for the DG buckling strength per Equations (25)-(27), and (iv) P _ is the global buckling strength
according to Equations (30)-(31).

Fl=a+tbx 4 +cx A, +dx A, +ex HWF +fx HLF +gx HSF +hx%+ix%+jx%+kx%+mx% (35)

Table 91: Constants from regression analysis for DSM Method 19

a b c d e f
9.38E-01 | 6.89E-02 |-3.14E-02| 5.76E-02 |-2.20E-01 | -2.46E-02
g h [ j k m
5.32E-03 | 1.10E-03 |-2.24E-03|-6.76E-03 |-7.98E-03 | 5.57E-02

Table 93-Table 94 list the statistics of the predictions for all columns using DSM Method 19, along with
the percentage differences of the statistics between Method 19 and 18 as well as between Method 19 and 17
given in Table 95-Table 96 and Table 97-Table 98, respectively. In addition, the simulation-to-predicted ratios
for all columns are illustrated in Fig. 45-Fig. 46. More detailed figures for each section type can be found in
Section S.1.

In comparison with DSM Method 18, the additional regression analysis significantly improved the overall
performance of the prediction, as shown by a 15.5% decrease in the overall value of V,, and a 18.1 %
increase in the overall value of ¢. This improvement mainly came from C, Z and Hat sections, while Method 19
resulted in a larger scatter in the predictions for Rack and particularly Stiffened C sections, as indicated by a
5.5% and 14.6% increase in the values of Vp. In addition, although a considerable larger scatter (i.e. 34.9%
and 77.3% increase in Vp) was produced by Method 19 for Z and Hat sections failing in the G mode, the
corresponding values of ¢ were still overly safe (i.e. 4=0.990 and 1.048 respectively). Moreover, the overall
values of ¢ showed that all section types except Stiffened C section satisfied the prescribed value of ¢=0.85.
In particular, when the collection of the L, LG, G and D modes (i.e. those modes covered in the AS/NZS 4600
DSM) were considered in isolation, ¢=0.85 was satisfied for all section types, whereas it failed to be satisfied

for C, Hat and Stiffened C sections when the collection of the LD, DG and LDG modes were concerned.

Moreover, Table 97-Table 98 showed that Method 19 generally performed better than Method 17 which
did not consider DG interaction, as implied by a 6.1% decrease in the overall value of V. In particular, the
scatter related to Hat and Stiffened C sections decreased significantly, as shown by 12.2% and 17.8%
decreases in the values of Vp. This result indicated that the phenomenon of DG interaction was significant with
these section types. However, considering DG interaction worsened the predictions for occasional cases,
such as C and Rack section columns failing in the LDG and DG mode respectively, as indicated by the
increases of 31.3% and 22.6% in the values of V,. Otherwise, it was beneficial to most cases, and therefore

should be included in the strength prediction as a general practice, especially for Hat and Stiffened C sections.

Compared with the simulation-to-predicted ratios (Fig. 41-Fig. 42) for DSM Method 18, Fig. 45-Fig. 46

show that the overall scatter in prediction was significantly reduced by the addition of a regression analysis,
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especially for C and Z sections, while some large discrepancies from unity in the value of Purem/Pn appeared
in the LG, LD, DG, and LDG modes with Hat, Rack and Stiffened C sections. In addition, in comparison with
Fig. 37-Fig. 38 for DSM Method 17, Fig. 45-Fig. 46 demonstrate that the inclusion of DG interaction equations
produced largely similar results, except for some slight improvements, particularly the decrease of some large
discrepancies in the LG, D, LD, DG, and LDG modes for Hat, Rack, and Stiffened C sections.

In order to improve the performance of DSM Method 19 for Stiffened C section whose overall Vp and ¢
values of 0.244 and 0.726 respectively were unsatisfactory, a separate regression analysis based on DSM
Method 19 was carried out on Stiffened C section alone which resulted in a separate set of regression

constants defined in Table 92.

Table 92: Constants from regression analysis for DSM Method 19 — Stiffened C section only

a b C d e f
7.42E-01 | 3.65E-02 |-1.66E-02 | 3.01E-02 |-2.05E-01 |-2.11E-02
g h i i Kk m
8.96E-03 |-1.15E-03 | 1.73E-03 | 3.20E-03 | 3.39E-02 | 1.47E-01

The resulting statistics of the predictions are presented in Table 99-Table 100, while the percentage
differences of the statistics between Table 99-Table 100 and Table 93-Table 94 are provided in Table 101-
Table 102.

The separate set of regression constants substantially improved the prediction for Stiffened C section.
With a 7.9% increase in the overall value of Pm and a 21.3% (from 0.244 to 0.192) decrease in the overall
value of Vp, a 17.9% increase in the overall resistance factor ¢ was achieved. Moreover, this improvement,
especially in terms of the accuracy of the prediction, was seen for all failure modes, as demonstrated by the
decrease in their Vp values which were as high as over 50% for the LD and LDG modes. In addition, the ¢
values for all failure modes satisfied the 0.85 requirement as prescribed in the AS/NZS 4600 DSM except the
LD and DG modes whose ¢ values were 0.759 and 0.784 respectively, although the ¢ values for the remaining
modes were considered slightly overly conservative. Also, this method performed significantly better than the
similar method based on DSM Method 17 presented in Table 81-Table 82, as shown by comparing their
overall Vp values, i.e. 0.192 for this method versus 0.238 for Method 17.

Furthermore, Fig. 47 and Fig. 48 illustrate the simulation-to-predicted ratios for Stiffened C section using
the regression constants in Table 91 and Table 92 respectively. It is obvious that the separate regression
analysis reduced the scatter considerably, while significant discrepancies still existed for a minority of columns
subjected to the D and DG modes. In addition, the mean value of the predicted strengths of the columns

failing in the LD mode was clearly over-predicted.
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Table 93: Resistance factors for all columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 19 — Madification 11 to Option 4 in (Moen and

Schafer 2011) — replace D equation by DG interaction equation, use Pecr-1-nh @nd Per-d-nh, regression analyses of final strengths

. i Failure mode
prediction| Section 3 G G D AILLG G D

method | shape [—5- Vo | ¢ n [Pe | Vol o[ n{Pn| Vo] s n|P|Vol o |[n]|erl|V] g n
C 1.134]0.107|0.940| 6923 |1.041]0.103 [0.866 |4245 |0.994 |0.082 [0.842 [ 1651 |1.248 [0.129 | 1.009 | 3678 | 1.122 [0.134 | 0.901 | 16497
DSM Z 1.1800.098 [0.987 | 3712 [1.035 [0.171 [0.791 [1358|1.148 [0.058 |0.990 | 2548 | 1.181 [0.081 [ 1.002 2444 [ 1.153 [0.106 [0.956 | 10062
Method Hat  |1.121]0.095[0.940| 1414 |1.363]0.203[0.991 | 494 |1.233]0.078 |1.048] 137 |1.122 [0.110[0.927 | 441 [1.175 |0.157 [0.916 | 2486
19 Rack  |1.206]0.07711.027] 461 |1.080]0.2140.772]1065|1.065 |0.088 [0.899 | 383 |1.0870.048]0.943 | 391 |1.104]0.159 |0.858 | 2300
Stiffened C |1.106 [0.136 10.887| 317 |1.068|0.11410.879 | 143 [1.092]0.065 |0.938 | 196 |1.286 [0.255 [0.854 | 245 |1.146 [0.191 [0.849| 901
All sections | 1,148 0.105 |0.953 | 12827 | 1.068 |0.168 |0.819 | 7305 | 1,090 |0.097 [0.912 [4915 | 1.210]0.127 [0.980 | 7199 | 1.135 | 0.133 [0.913 [ 32246

Table 94: Resistance factors for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 19 — Modification 11 to Option 4

in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Pecr.d-nh, regression analyses of final strengths

- . Failure mode
predt'ﬁ“g” Sehc“on LD DG LDG All LD, DG, LDG ALL Failure modes
method 1 shape o " T Vo [ ¢ [ n [P [ Vo | 6 | n | Po | Vo] 6N [ Po Vo] 6 n | Pn]| Vo] 6| n
C 0.976(0.16110.757 (3157 /0.97810.134]10.785| 2589 [1.017(0.176{0.772| 862 |0.982[0.154 {0.769 | 6608 [1.082|0.151|0.850|23105
DSM Z 1.062{0.090]0.894 14115(1.18210.080{1.004 | 2989 |1.15210.137{0.92216057(1.13110.121(0.923 113161 1.140]0.115[0.937 23223
Method Hat 1.100{0.14710.868| 585 [1.0830.185(0.810| 1927 |1.21410.237{0.832] 964 [1.122]0.205(0.813 | 3476 |1.14410.187[0.853 | 5962
19 _Rack 1.05310.1080.871] 137 [1.100]0.190]0.817] 832 ]1.251]0.151]0.983[900 11.16910.179]0.882| 1869 [1.133/0.172(0.865| 4169
Stiffened C[0.922[0.294|0.569 | 245 [1.035[0.251]0.693 | 1727 [1.111]0.243]0.753 | 800 |1.047|0.257{0.693 | 2772 |1.071(0.244]0.726 | 3673
All sections|1.028 [0.140(0.820{82391.0780.176 (0.818 110064 |1.152 [0.173 |0.878 (9583 [1.089 |0.172 [0.830 27886 |1.113|0.153 |0.873 |60132
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Table 95: Difference in resistance factors between DSM Method 19 and DSM Method 18 for all columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
prediction| Section L e G D ANlL LG. G D
method shape —
P Pm | Vo 6 | Po [ Vo 6 | Po | Vo 6 | Po | Vo 6 | Po | Vo ¢

C 53% | -20.7% | 8.7% -0.2% | -16.9% | 2.1% 5.5% -14.6% 6.7% 12.6% | -37.4% | 25.8% 5.6% | -14.6% | 8.8%
DSM Z 10.7% | -12.5% | 12.3% | 4.0% -4.5% 5.2% 9.0% 34.9% 8.1% 23.4% | -10.0% | 24.3% | 12.3% | -7.8% 13.3%
Method Hat 32.2% | -6.9% | 33.1% | 46.2% 8.6% 42.6% | 13.4% 77.3% 10.9% | 35.0% | -32.1% | 44.2% | 34.3% 4.0% 33.1%
19 Rack 23.4% | -17.2% | 25.2% | 20.4% | 17.6% | 14.5% 7.6% -22.8% 10.4% | 28.3% | -53.8% | 33.9% | 20.0% 3.2% 19.2%
Stiffened C| 17.0% | 20.4% | 14.0% | 10.8% | -16.8% | 14.0% 6.6% -3.0% 6.8% 27.5% 5.8% 243% | 16.6% | 18.6% | 11.4%
All sections| 10.2% | -26.6% | 15.2% 6.4% 7.0% 4.7% 7.8% 11.5% 6.9% 18.4% | -36.5% | 31.2% | 10.8% | -14.2% | 14.1%

Table 96: Difference in resistance factors between DSM Method 19 and DSM Method 18 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

. . Failure mode
predt'ﬁ“gn Sic“on LD DG LDG AllLD, DG, LDG ALL Failure modes
method | shape g Vo 4 Pm Vo 4 Pm Vy P Pm | Vo ) Pm | Vp 4
C 20.0% -6.9% 22.1% | 12.9% | -17.8% | 17.2% | -3.7% | -17.8% | 2.4% 13.4% |-23.0% | 21.5% 7.6% [-20.1% | 13.6%
DSM Z 18.1% | -23.7% | 21.5% | 13.8% | -18.4% | 15.7% 8.0% -6.8% 9.5% 12.2% [-19.3% | 16.2% | 12.2% |-15.4%( 15.0%
Method Hat 53.8% | -18.8% | 61.3% | 32.1% | -22.9% | 44.6% | 42.0% 2.2% 40.5% | 38.2% |-13.9% | 46.2% | 36.5% | -9.7% | 40.8%
19 : Rack 43.5% 1.9% 43.0% | 20.0% 6.1% 17.9% | 32.1% | -1.9% 32.7% | 27.3% | 2.9% | 26.2% | 23.3% | 5.5% | 21.8%
Stiffened C| 29.0% | 44.8% 9.4% 19.4% 5.9% 16.7% | 16.8% | 58.8% 1.1% 19.4% | 15.2% | 12.3% | 18.6% | 14.6% | 12.4%
All sections| 21.7% | -14.1% | 25.4% | 18.1% | -10.7% | 22.1% | 12.5% | -2.8% 13.4% | 17.0% |-13.1%| 21.5% | 13.5% [-15.5%| 18.1%
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Table 97: Difference in resistance factors between DSM Method 19 and DSM Method 17 for all columns failing in modes L, LG, G, D, and L+LG+G+D

. . Failure mode
predt'ﬁ“g” S‘f]C“O” L LG G D AL LG, G,D

method | shape P Vp 4 P Vp P P Vo P P Vo 4 P Vv, P
C 2.1% | 09% | -1.9% | 6.6% | -1.0% | 6.5% | 8.3% | -2.4% | 8.3% | -3.0% | 0.0% | -3.0% | 3.9% | 63% | -4.9%
DSM Z 2.1% | 1.0% | 2.1% | 6.6% | 6.6% | 4.9% | 7.2% | -33% | -7.0% | -3.0% | 0.0% | -3.1% | -4.2% | 1.0% | -4.3%
Method |—Hal | -3.8% | -8.7% | -2.9% | -6.4% | 10.2% | -2.7% | -7.8% | 1.3% | -8.0% | -3.6% | -2.7% | -3.3% | -4.6% | -11.3% | -1.9%
19 Rack | 2.2% | 00% | 2.2% | -2.2% | 11.6% | 2.8% | 8.0% | 2.3% | 8.1% | -2.7% | -59% | 2.5% | 3.0% | -8.6% | -1.2%
Stiffened C| -1.1% -9.9% 0.9% 5.2% -5.0% 6.0% -7.8% 1.6% -7.9% -2.9% -5.2% -0.2% -2.2% -8.2% 0.5%
All sections| -2.2% -1.9% -2.1% -5.7% -6.1% -4.2% -7.6% 2.1% -7.9% -3.0% -0.8% -3.0% -4.0% 0.0% -4.0%

Table 98: Difference in resistance factors between DSM Method 19 and DSM Method 17 for all columns failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes

School of Civil Engineering
The University of Sydney

. . Failure mode
p:ﬁgt'ﬁggn Ssi‘;“oe” LD DG LDG Al LD, DG, LDG ALL Failure modes
p Pm Vp ¢ Pm Vp ¢ Pm VD ¢ Pm Vp ¢ Pm Vp ¢
C -3.6% -3.0% -2.8% -2.1% | -13.5% 0.5% -0.5% 31.3% -6.0% -2.6% | -2.5% | -2.0% -3.6% 1.3% -3.8%
DSM Z -3.0% 0.0% -3.0% -2.2% 1.3% -2.3% -3.8% | -10.5% | -1.7% -3.2% | -6.9% | -2.1% -3.6% | -4.2% | -3.0%
Method Hat -6.9% -8.1% -5.2% 0.2% -14.7% 5.6% -2.6% -8.8% 1.3% -1.9% [-12.0%| 2.9% -3.1% [-12.2%| 0.9%
19 Rack -5.0% -6.1% -4.3% 0.7% 22.6% -4.2% 5.4% -5.6% 6.7% 2.6% 11.2% | -0.1% -0.6% 2.4% -1.1%
Stiffened C| -1.7% -9.0% 4.2% 7.5% -20.8% | 22.0% 9.1% -19.3% | 21.6% 7.2% |[-18.2% | 19.7% 45% |-17.8% | 15.6%
All sections| -3.5% -4.1% -2.7% 0.0% -12.0% 3.9% -1.6% -8.9% 1.2% -1.5% | -8.5% 0.7% -3.0% | -6.1% | -1.6%
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Table 99: Resistance factors for stiffened C section columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 19 — Modification 11 to Option 4 in

(Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-a-nh, Separate regression analyses of final strengths

Failure mode

prediction| Section L LG G D AllL, LG.G.D
method shape P | V, P n Pm | Vp & n Pm | Vp ¢ n Pm | Vp ] n Pm | Vp ¢ n
DSM

Me;gOd Stiffened C|1.173|0.100(0.979| 317 |1.310(0.078|1.115| 143 |1.210|0.057(1.044| 196 |1.365(0.231|0.947| 245 |[1.255(0.161|0.972| 901
(for SC)

Table 100: Resistance factors for stiffened C section columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 19 —

Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr1-nh and Per-a-nh, S€parate regression analyses of final

strengths

Predicti Secti Failure mode

rrfet'rclc;gn S?]‘;'Oe” LD DG LDG All LD, DG. LDG ALL Failure modes

P Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n

DSM

MefQOd Stiffened C[0.94210.131|0.759| 245 |1.095(0.212)0.784( 1727 |1.242|0.106(1.029| 800 (1.1240.194]0.829( 2772 |1.156|0.192|0.856| 3673
(for SC)
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Table 101: Difference in resistance factors between Table 99 and Table 93 for Stiffened C columns failing in modes L, LG, G, D, and L+LG+G+D

Failure mode

prl;:estiﬁz?jn SS(;(;[:)Oen L LG G D AlL, LG, G,D
Pm Vp ¢ Pm Vp ¢ Pm Vp ¢ Pm Vp ¢ Pm Vp ¢
DSM
Mengd Stiffened C| 6.1% | -26.5% | 10.4% | 22.7% | -31.6% | 26.8% | 10.8% | -12.3% 11.3% | 6.1% -9.4% | 10.9% | 9.5% | -15.7% | 14.5%
(for SC)

Table 102: Difference in resistance factors between Table 100 and Table 94 for Stiffened C failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes

Failure mode

prediction Ssi‘g:ooe” LD DG LDG AllLD, DG, LDG ALL Failure modes
P Vp o Pm Vp @ Pm Vp @ Pm Vp ) Pm Vp )
DSM
Me]'ngd Stiffened C| 2.2% | -55.4% | 33.4% | 5.8% | -15.5% | 13.1% | 11.8% | -56.4% | 36.7% | 7.4% |-24.5%| 19.6% | 7.9% |-21.3% | 17.9%
(for SC)
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Simulations - All - all failure modes / DSM
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Fig. 45: Simulation-to-predicted ratios for all columns by DSM Method 19 with classified failure modes
(from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - All - all failure modes / DSM
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Fig. 46: Simulation-to-predicted ratios for all columns by DSM Method 19 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)
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Simulations - SC - all failure modes / DSM

N
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Fig. 47: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 19 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. 48: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 19 by separate

regression parameters with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

3.4.3. Method 19 —incl. DG interaction & regression analyses — non-perforated

In the following, DSM Method 19 was applied to only non-perforated columns, with the aim to verify its

applicability to this subset of columns, and also to identify its inherent limitations with respect to certain
sections.

Table 103-Table 104 list the statistics of the predictions for non-perforated columns using DSM Method
19 (with the constants defined in Table 91). Meanwhile, Table 105-Table 106 and Table 107-Table 108

present the percentage differences of the statistics between Method 19 and Method 1, and between Method

19 and Method 2, respectively.
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The comparison with Method 1 demonstrates that Method 19 improved the performance of the prediction
considerably, in terms of both a reduced overall scatter and an increased overall reliability, as indicated by a
16.1% decrease in the value of Vp from 0.155 to 0.130 and a 3.5% increase in the value of ¢ from 0.824 to
0.853. In particular, the values of ¢ exceeded (or were close to) 0.85 for all section types except for Stiffened
C section which had a ¢ value of 0.708 (despite the fact that it had been improved from 0.609 as per Method
1). However, in terms of an individual failure mode of a particular section type, Method 19 did not always
performed better than Method 1. In particular, the poorer performance related to the G, LG, and LDG modes
of C section and the LG mode of Z section caused their ¢values to drop from above (or close to) 0.85 to
below it. Besides, in terms of the failure mode, Method 19 had the worst performance against G, LG, and LD
modes which showed either a large increase in the scatter of the prediction or a significant decrease in the
resistance factors, whereas the DG mode seemed to be the one most improved as shown by a 26.9%
decrease in the overall value of V, and a 17.2% increase in the overall value of ¢. On the other hand, in terms
of section type, the most improved sections were C section (with the largest decrease (22.2%) in the overall

Vp value) and Hat section (with the largest increase (22.9%) in the overall ¢ value).

The comparison with Method 2 showed that an additional regression analysis was in general beneficial to
the improvement of the prediction, as shown by a 9.7% decrease in the overall value of Vp. Although there
was only a slight 0.2% increase in the overall value of ¢, Method 19 successfully increased the overall ¢ value
for Hat section from 0.789 to 0.906 which was well above the prescribed value of 0.85, leaving the Stiffened C
section, the only section for which Method 19 performed significantly worse than Method 2, as the only one
whose ¢ value failed to reach this value. In terms of failure mode, Method 19 produced a much larger scatter
(i.e. larger values of Vp) than Method 2 for the G, LG, and LD modes, especially for Hat, Rack, and Stiffened C
sections. This was mainly because in the regression analysis the total numbers of the columns made from
these sections were much smaller than those for C and Z sections. Therefore, the results of the regression

analysis were predominantly dependent on the data for C and Z sections.

The simulation-to-predicted ratios (Pu-rem/Pn) for all non-perforated columns are also illustrated in Fig. 49-
Fig. 50 for Method 19. More detailed figures for each section type can be found in Section S.3.Compared with
both Fig. 1-Fig. 2 for Method 1 and Fig. 5-Fig. 6 for Method 2, it is visually clear that Method 19 had a better
performance as there was a smaller scatter in the Pu-rem/Pn ratios. However, there were still some large
discrepancies from unity in the Pu.rem/Pn ratios with almost every failure mode (Fig. 49) and every section type

(Fig. 50), which will be investigated closely in the next section.
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Table 103: Resistance factors for non-perforated columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 19 — Modification 11 to Option 4 in
(Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-j-nh and Pecr-g-nh, regression analyses of final strengths (same regression constants

as with Table 93 and Table 94)
Failure mode

prediction| Section L LG G D AL LG G D
method shape —T

P Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n Pm Vp ¢ n
C 1.044 {0.090 [0.880 | 292 ]0.97210.098 10.813 ]| 94 10.94910.08310.804| 34 [1.129(0.145(0.895| 80 [(1.038 {0.115]0.853 | 500
DSM Z 1.089 [0.084 [{0.922 | 147 10.96010.14110.764 ] 28 11.01410.028 10.886| 52 |1.086 [0.061(0.935| 50 [1.061(0.090(0.894 | 277
Method Hat 1.067 [0.071{0.912| 42 ]1.330]0.19210.984| 13 |1.0690.032]0.933| 3 |[1.167(0.096/0.978| 9 [1.131(0.147(0.894| 67
19 Rack 1.110/0.064 {0.954 | 11 ]1.185]0.136]0.949| 22 |1.048(0.048 10909 8 [1.119(0.058{0.965f( 8 [1.135]0.111]0.936| 49
Stiffened C[1.031]0.12910.833| 10 |1.088 (0.074]0.929] 3 |1.023]0.009 (0.898| 4 [1.321]0.314]0.783| 5 [1.1030.214]0.787 | 22
All sections|1.060 [0.089 [0.894 | 502 |1.031]0.169 (0.789 | 160 [0.997 |0.063 |0.857 [ 101 {1.123 [0.134]0.902 [ 152 |1.059 |(0.118 [0.867 | 915

Table 104: Resistance factors for non-perforated columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM Method 19 — Modification
11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Pcr-d-nh, regression analyses of final strengths (same

regression constants as with Table 93 and Table 94)

. . Failure mode
pred'ﬁ“g” Sehc“on LD DG LDG All LD, DG, LDG ALL Failure modes
metho Shape e Tvo [ 6 [nlPe [ Vo | ¢ [n [ Po | Vol 6 [n|Pau| Vol 6 | n |Pa]Ve]| ¢ |n
C 0.956 [0.141 ]10.761 | 65 [0.939]10.128 |0.760| 54 11.0270.190]0.763 ] 22 |0.961(0.149]10.757{ 141 11.021 [0.126|0.828 | 641
DSM Z 1.017]0.062 |0.875]184 [1.080]0.08110.917| 62 11.132(0.115]0.930(134]1.086]0.106 ]0.900| 280 (1.074 10.09910.896 | 557
Method Hat 1.128 10.086 [0.953 112 |1.10310.085]0.933| 41 11.199(0.186]0.895|21 |1.134]0.130/0.916| 74 11.133(0.13810.906 | 141
19 _RaCk 1.08110.11810.885| 3 11.088[0.09410.913| 17 11.186(0.127[0.961 |18 [1.13410.119]10.927( 38 [1.134[0.114[0.933 [ 87
Stiffened C[0.935]0.335|0.531 | 5 |0.951[0.220]0.672| 36 |1.059]0.199 [0.774 [ 17 |0.981 [0.225]0.687 | 58 |1.015[0.227]0.708 | 80
All sections|1.000 [0.120 {0.817 [169]1.027 [0.141 [0.818 [ 210 [1.126[0.145{0.893 [212[1.055[0.147 [0.834 | 591 |1.057 |0.130]0.853 | 1506
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Table 105: Difference in resistance factors between DSM Method 19 and DSM Method 1 for non-perforated columns failing in modes L, LG, G, D, and

L+LG+G+D
dicti Secti Failure mode
prr]fet'ﬁggn Si‘;";” L LG G D AlL LG, G,D
P P Vp 4 P Vp P Pm Vp P Pm V, P P Vp P
C 5.8% | -33.3% | -1.0% | -9.6% | 19.5% |-10.8% | -7.4% | 0.0% | -7.5% | -2.6% | -33.2% | 8.9% | -6.0% | -21.2% | -2.3%
DSM Z 1.6% | -13.4% | -05% | -88% | -2.8% | -8.4% | -52% | -6.7% | -5.2% | 52% | 52% | 51% | -1.7% | -7.2% | -0.9%
Method Hat 14.7% | 26.6% | 13.6% | 27.1% | 32.5% | 18.7% | -2.2% | 143.4% | -2.7% | 143% | 43% | 13.8% | 16.4% | 41.5% | 10.6%
19 Rack 6.5% | -23.8% | 8.2% | 89% | 67.9% | 2.8% | -5.6% | 77.8% | -6.4% | 9.2% | 289% | 8.4% | 6.0% | 50.0% | 2.4%
Stiffened C| 0.5% 79.2% -5.0% 0.9% 117.6% | -1.2% -6.7% 50.0% -6.7% 8.7% 15.4% 0.1% 1.3% 37.2% -7.3%
All sections| -2.8% | -30.5% 1.4% -3.6% 69.0% |-11.6% | -5.9% 8.6% -6.2% 1.7% -28.0% 9.5% -2.4% | -10.6% | -0.8%

Table 106: Difference in resistance factors between DSM Method 19 and DSM Method 1 for non-perforated columns failing in modes LD, DG, LDG,

LD+DG+LDG, and all failure modes

Failure mode

prediction|  Section LD DG LDG Al LD, DG, LDG ALL Failure modes
method shape
Pm Vp 1) Pm Vp 1) Pm Vp ) Pm Vp o Pm Vp 1)
C 2.9% 8.5% 1.5% 2.1% | -26.0% | 8.4% -9.1% | 15.2% |-123% | 0.4% [-13.4%| 3.7% -4.8% |-22.2%| -0.2%
DSM Z 1.7% 3.3% 1.5% 1.4% -5.8% 1.9% -2.0% [-122% | -0.1% | -0.3% |-15.2%| 1.8% -1.0% |-10.0% [ 0.0%
Method Hat 27.3% | 18.1% | 25.9% | 23.4% | -59.1% | 44.6% | 27.0% | 9.6% | 24.0% [ 25.0% [-28.7% 34.3% | 20.8% | -8.7% | 22.9%
19 Rack 20.1% | 68.6% | 14.8% | 9.2% 1.1% 9.2% | 23.9% | -40.7% | 40.7% | 16.9% |-25.6% | 23.1% | 10.4% | -8.8% | 11.9%
Stiffened C| 9.9% 53.0% |-11.8% | 17.6% | -22.8% | 32.3% | 15.7% | 82% | 13.0% | 16.2% |-11.1%| 22.0% | 11.4% | -9.9% | 16.3%
All sections| 4.4% 12.1% 2.9% 87% | -26.9% | 17.2% | 2.7% |-15.2% | 6.6% 5.2% [-17.9%( 10.2% | 0.4% [-16.1%]| 3.5%
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Table 107: Difference in resistance factors between DSM Method 19 and DSM Method 2 for non-perforated columns failing in modes L, LG, G, D, and

L+LG+G+D
. . Failure mode
prediction| Section L e G D AL LG. G.D

method | shape ™5™ TV, 1 4 [ Pn | Vo | ¢ [ Pn ] Vo | ¢ | Po ] Vo | ¢ | Pn] Vo | ¢
C -5.8% | -33.3% | -1.0% |-12.1% | -14.8% | -10.5% | -7.4% 0.0% -7.5% | -2.6% [ -33.2% | 8.9% -6.5% | -22.8% | -2.4%
DSM Z -1.6% | -13.4% | -0.5% | -8.8% -2.8% -8.4% | -5.3% -6.7% -5.2% 5.2% 5.2% 5.1% -1.9% -3.2% -1.5%
Method Hat 14.7% | 26.6% | 13.6% | 25.6% [ 29.8% | 17.8% | -2.2% 143.4% | -2.7% | 14.3% 4.3% 13.8% | 16.1% | 37.5% | 10.8%
19 : Rack 6.5% | -23.8% | 8.2% 3.8% 86.3% | -2.7% | -5.6% 77.8% -6.4% 9.2% 28.9% 8.4% 3.7% 38.8% 0.5%
Stiffened C| 0.5% 79.2% | -5.0% | -3.5% | 105.6% | -5.5% | -6.7% 50.0% -6.7% 8.7% 15.4% 0.1% 0.6% 37.2% | -8.0%
All sections| -2.8% | -30.5% 1.4% -6.1% | 42.0% |-12.1% | -5.9% 8.6% -6.3% 1.7% | -28.0% | 9.5% -2.8% | -11.3% | -1.1%

Table 108: Difference in resistance factors between DSM Method 19 and DSM Method 2 for non-perforated columns failing in modes LD, DG, LDG,

LD+DG+LDG, and all failure modes

School of Civil Engineering
The University of Sydney

. . Failure mode
predt'ﬁ“gn Sic“on LD DG LDG AlLD, DG, LDG ALL Failure modes
method | shape P Vo 4 P Vo 4 P Vy P P Vp ) P Vp P
C 29% | 85% | 15% | 15% | 1.6% | -1.7% | -14.3% | 8.2% | -11.8% | -1.9% |-16.3%| 2.0% | 5.6% |-22.7%| -1.0%
DSM Z 1.7% | 33% | 1.5% | -1.4% | 3.8% | -1.5% | -53% | 13.9% | 6.7% | -2.6% | -8.6% | -1.5% | 2.2% | -7.5% | -1.5%
Method |—Hat 27.3% | 18.1% | 25.9% | 12.4% | -40.9% | 19.9% | 19.9% | 24.2% | 13.7% | 16.8% | -9.2% | 18.8% | 16.4% | 9.4% | 14.8%
19 Rack | 20.1% | 68.6% | 14.8% | 3.0% | 54.1% | 0.6% | 10.7% | -21.1% | 15.8% | 8.0% | 63% | 8.9% | 5.4% |10.7%| 4.4%
Stiffened C| 9.9% | 53.0% | -11.8% | 2.1% | -05% | 2.3% | 0.3% | 59.2% | -9.8% | 2.1% |11.4% | -1.9% | 1.7% |15.2% | -3.4%
Al sections| 4.4% | 12.1% | 2.9% | 2.2% | 2.8% | 2.9% | 2.5% | 3.6% | -3.0% | 1.0% | -6.4% | 2.3% | -1.5% | -9.7% | 0.2%
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Simulations - All - all failure modes / DSM

o] 200 400 600 800 1000 1200 1400 1600
Specimen No.

Fig. 49: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 19 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

2.5 Simulations - All - all failure modes / DSM

0 200 400 600 800 1000 1200 1400 1600
Specimen No.

Fig. 50: Simulation-to-predicted ratios for all non-perforated columns by DSM Method 19 with classified

section types (from left to right: C, Z, Hat, Rack and Stiffened C)

In the following, DSM Method 19 with separate regression constants listed in Table 92 was applied to
non-perforated Stiffened C section columns. Its statistical performance is presented in Table 109-Table 110,
with the percentage differences of the statistics between Method 19 and Method 1, as well as between
Method 19 and Method 2 given in Table 111-Table 112 and Table 113-Table 114, respectively.

The separate regression analysis based on Method 19 raised the overall value of ¢ for Stiffened C section
to 0.824 which was deemed acceptable as it was close to 0.85. Among all the failure modes, ¢=0.85 was not
satisfied for only the LD and DG modes whose ¢ values were 0.751 and 0.748 respectively. In addition, the
comparison with the current codified DSM (i.e. Method 1) demonstrates that the improvement in prediction
was substantial, as shown by the 21.8% decrease in the overall value of Vp and 35.3% increase in the overall
value of ¢. A significant increase in the prediction accuracy was seen for the LG, LD, DG, and LDG modes
whose Vp values all decreased by more than 20%. On the other hand, compared to Method 2 which also
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included DG interaction, the additional regression analysis in Method 19 raised the overall value of ¢ by
12.4%, although it did not change the overall value of Vp. Of all the modes, the LG and LD modes experienced
the most marked decrease in the scatter of the prediction, as shown by over 20% decreases in their values of
Vp. In addition, the comparisons with both Method 1 and 2 demonstrate that Method 19 increased the scatter
of the prediction for both the G and D modes, as shown by a 66.7% and 7.7% increase in their values of Vp,

although the resulting ¢ values (i.e. 1.005 and 0.885) were both well above 0.85.

In addition, Fig. 51 illustrates the simulation-to-predicted ratios by Method 19 with separate regression
constants for non-perforated Stiffened C section columns. Compared with the corresponding figures for
Method 1 and Method 2, the improvement in prediction was obvious in terms of producing a smaller scatter.

However, this method still failed to reduce some large discrepancies related to the D and DG modes.
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Table 109: Resistance factors for non-perforated stiffened C section columns failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 19 — Modification 11

to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pecr-1-nh @and Per-d-nh, S€parate regression analyses of final strengths

(same regression constants as with Table 99 and Table 100)

Failure mode

prediction| Section L LG G D AL, LG.G.D
method shape P | Vo é n Pm | Vp y n | Pm| Vp ) n | Pm [ Vp ) n | Pn | Vp ) n
DSM

Me;gOd Stiffened C|1.143|0.062(0.983| 10 |1.336(0.022|1.170| 3 (1.145|0.010|1.005( 4 |1.431|0.293(0.885| 5 |1.235(0.184|0.925| 22
(for SC)

Table 110: Resistance factors for non-perforated stiffened C section columns failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM

Method 19 — Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-d-nh, SEparate regression

analyses of final strengths (same regression constants as with Table 99 and Table 100)

Failure mode

pﬁggﬁgg” Ssehcatlisg LD DG LDG Al LD, DG, LDG ALL Failure modes
Pm [ Vp 1) n Pm [ Vp o n Pm [ Vp @ n Pm | Vp 1) n Pm | Vp @ n
DSM
MeISOd Stiffened C(0.976(0.166(0.751 5 (1.031(0.204(0.748| 36 (1.209(0.111(0.997( 17 [1.079(0.189(0.802| 58 (1.122]0.197|0.824| 80
(for SC)
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Table 111: Difference in resistance factors between DSM Method 19 (for SC only) and DSM Method 1 for Stiffened C columns failing in modes L, LG, G, D, and

L+LG+G+D
dict Sect Failure mode
prr](qee‘:ﬁ(;gn S(;(;loen L LG G D AlL, LG, G,D
P Pm Vp P Pr Vp P Pm Vv, P Pm vV, P Pm Vp )
DSM
Mengd Stiffened C| 11.4% | -13.9% | 12.1% | 23.9% | -35.3% | 24.5% 4.4% 66.7% 4.4% 17.8% 7.7% 13.2% | 13.4% | 17.9% 9.0%
(for SC)

Table 112: Difference in resistance factors between DSM Method 19 (for SC only) and DSM Method 1 for Stiffened C failing in modes LD, DG, LDG,

LD+DG+LDG, and all failure modes

Failure mode

prediction Ssi‘g:ooe” LD DG LDG AllLD, DG, LDG ALL Failure modes
P Vp o Pm Vp @ Pm Vp @ Pm Vp ) Pm Vp )
DSM
Me]'ngd Stiffened C| 14.7% | -24.2% | 24.8% | 27.4% | -28.4% | 47.2% | 32.1% | -39.7% | 45.5% | 27.8% |-25.3% | 42.5% | 23.2% |-21.8% | 35.3%
(for SC)
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Table 113: Difference in resistance factors between DSM Method 19 (for SC only) and DSM Method 2 for Stiffened C columns failing in modes L, LG, G, D, and

L+LG+G+D
dict Sect Failure mode
prr](qee‘:ﬁ(;gn S(;(;loen L LG G D AlL, LG, G,D
P Pm Vp P Pr Vp P Pm Vv, P Pm vV, P Pm Vp )
DSM
Mengd Stiffened C| 11.4% | -13.9% | 12.1% | 18.5% | -38.9% | 19.0% 4.4% 66.7% 4.4% 17.8% 7.7% 13.2% | 12.7% | 17.9% 8.2%
(for SC)

Table 114: Difference in resistance factors between DSM Method 19 (for SC only) and DSM Method 2 for Stiffened C failing in modes LD, DG, LDG,

LD+DG+LDG, and all failure modes

Failure mode

prediction Ssi‘g:ooe” LD DG LDG AllLD, DG, LDG ALL Failure modes
P Vp o Pm Vp @ Pm Vp @ Pm Vp ) Pm Vp )
DSM
Me]'ngd Stiffened C| 14.7% | -24.2% | 24.8% | 10.7% | -7.7% | 13.9% | 14.5% | -11.2% | 16.2% | 12.3% | -6.4% | 14.6% | 12.4% | 0.0% | 12.4%
(for SC)
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Simulations - SC - all failure modes / DSM
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Fig. 51: Simulation-to-predicted ratios for non-perforated Stiffened C section columns by DSM Method 19
by separate regression parameters with classified failure modes (from left to right: L, LG, G, D, LD, DG, and
LDG)

3.4.4. Method 19 — applicability

The limitations and hence the applicability of the best-performing method, i.e. DSM Method 19, are
presented in this section. First of all, any large discrepancies in the simulation-to-predicted ratios by Method
19 for non-perforated columns are highlighted in the figures in Section T.1 for each section type. Data points
for clearly over-predicted and under-predicted strengths are marked red and blue, respectively. These data
points are numbered and further described in Table 115, where the ID corresponds to each mark in the
figures. Take “D_C1" for example, “D” represents discrepancy, “C” stands for C section, while “1” denotes the
corresponding mark numbered in Fig. T.1. For each group of columns whose strengths were not accurately
predicted, Table 115 provides information such as the failure mode, section No., column length, whether the
current codified DSM produced similar predictions, whether Method 19 produced safer or unsafer predictions
compared to the current DSM, and any special features possibly related to the inaccurate predictions. Users
of Method 19 should be aware of these discrepancies and avoid using these sections and column lengths that
were identified here as leading to inferior strength predictions. Further research is needed to verify the specific

limits of parameters within which DSM Method 19 is considered to be adequately accurate.
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Table 115: Large discrepancies in predicted strengths by Method 19 for non-perforated columns

Over- or safer or unsafer
ID of under- Failure Section No Column lenath Similar prediction by| compared to
discrepancy : mode ' 9™ AS/NZS 4600 DSM?| AS/NZS 4600
predicted
DSM?
over L C57 3 local half- no unsafer
D C1 waves
Notes: C57 was an extremely slender section with the highest web/thickness ratio of 478.7
over L C66 3 local haf- yes slightly unsafer
waves

D_C2 Notes: C66 had very small lips (i.e. lip width to flange width ratio of 0.047) which made it
susceptible to distortional deformations even the column was restrained to fail in 3 local half

waves.
5 s over | LG | C56 | =052 | no | unsafer

- Notes: C56 was an extremely slender section with a high web/thickness ratio of 372.3.
over ‘ G ‘ C19 ‘ A.=3.14 | no | unsafer

D_C4 Notes: this column had global geometric imperfection bowing towards the flanges, which
resulted in more pronounced compression in the web, and hence slight LG mode interaction.
C55-C57, C59, | 4 distortional
C60, C63 half-waves
Notes: these sections featured A1>>Ad¢ (A1 was at least 1.84 higher than Ad), and therefore
failed in strong LD interaction.
over ‘ DG ‘ C65 ‘ 1:=0.79-2.61 | yes | safer
D_C6  |Notes: C65 featured small lips (i.e. lip width to flange width ratio of 0.094) and hence
14=2.05>1,=1.81, so it was subjected to strong DG interaction.

over LD yes overall similar

5 o over | LDG | C56 | =105 | yes | safer
- Notes: C56 was an extremely slender section with a high web/thickness ratio of 372.3.
Ac=3.15 for
under LG C41, C43 Cal, no inaccurately safer
’ A=1.57 and
D_C8 2.09 for C43
Notes: for the long columns made from C41, toward-web geometric imperfection resulted in
more than 30% increase in the ultimate strength when compared to toward-flange
imperfection; C43 featured a high ratio of web width to flange width of 6.15.
€32, €32, €36, 4 distortional unsafer, but more
under D C43-C46,C49- half-waves yes acc,urate
D C9 C54, C65-C66
- Notes: C65 and C66 featured very small lips (lip width/ flange width ratios=0.094 and 0.047
respectively), while the remaining sections listed here featured high web width/thickness
ratios of 98.3-231.2 and high web width/flange width ratios of 4.8-7.4.
unsafer, but more
b C10 under LDG C43 A:=0.52-1.05 yes accurate

Notes: C43 featured a high ratio of web width to flange width of 6.15.

over L 734,735, 769, 3 local half-
D 71 Z70 waves

Notes: these were slender sections with 41=4.14 and web width/thickness ratio of 203.
all lengths, i.e.

no unsafer

D 72 over LG Z71 16=0.46-3.14 yes slightly unsafer
B Notes: Z71 was a section without lips.
over LD 26,711, 734, | 4 distortional no overall similar
D Z3 Z59, 760, Z69 | half-waves
B Notes: these are slender sections featured 4,>3.0 and 41> Aq.
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Z34, 735, 769, _ .
D 74 over LDG 270 1:=0.46-1.05 yes overall similar
Notes: see notes for D_Z1.
under L 796 4 distortional yes inaccurately
D 75 half-waves much safer
Notes: no special pattern found.
Z6, 716, 719, _ .
5 76 under LDG 721, 722, 730 1:=0.46-2.09 yes overall similar
— Notes: these sections featured lips perpendicular to flanges, no other special pattern was
found.
slightly LD H2 4 distortional no unsafer
D H1 over half-waves
- Notes: H2 featured the widest web of 304.8 mm, and hence the highest ratio of web width to
thickness of 114.3.
S'c')%ztr'y DG H1 16=1.38 yes safer
D_H2 Notes: H1 was a slender section with 1)=2.96 and 14=2.73, and also had the lowest ratio of
web width to flange width of 0.5, and lip width to flange width of 0.105.
S'(')%gtr'y DG H21 1e=1.38 yes safer
D_H3 Notes: H21 was the most slender section with 1;=3.53 and 1¢=3.00, and also had the lowest
ratio of web width to flange width of 0.5, and lip width to flange width of 0.105.
under | LG |H1, H4, H8 H21| =027 yes inaccurately
D H4 much safer
- Notes: these sections featured high ratios of flange width to thickness between 106.7 and
158.8, and also the lowest ratio of web width to flange width of 0.5.
under D H20 4 distortional yes inaccurately safer
half-waves
D_H5 Notes: among all the sections failed in the D mode, H20 had the highest ratios of web width
to thickness of 46.2 and also flange width to thickness of 46.2, otherwise no special pattern
found.
_ inaccurately
D_H6 under LDG |H1, H4, H8, H21 Ac=0.55 yes much safer
Notes: see notes for D_H4
b R1 over LDG R9 A=0.92 yes safer
- Notes: no special pattern found.
_ inaccurately
5 Ro under LG R9, R10 1=0.31 yes much safer
- Notes: These sections featured the widest flange width of 85 mm (i.e. lowest web width to
flange width ratio of 1.06)
5 R under | LDG | RI1,R3 2:=0.36-1.09 yes linaccurately safer
- Notes: no special pattern found.
over LD SC7, SC9 4 distortional yes safer
D sci1 half-waves
- Notes: these were the most slender SC sections with 14;=3.18 and 44=3.01 for SC7 and
1=4.67 and 14=4.06 for SC9.
over | DG | sc10 | 4c=0.28-1.75 yes | safer
D_SC2  |Notes: SC10 had very small lips (i.e. lip width to flange width ratio of 0.05) and hence its
14=3.26>>1,=1.78, therefore was subject to strong interaction with the D mode.
D_SC3 under D SC4, SC5, SC10 4 distortional yes inaccurately
half-waves much safer
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Notes: these sections featured moderate to high cross-sectional slenderness with 11=0.92-
2.10 and 44=1.71-3.26, and also A4 was at least 0.79 higher than the corresponding /1.

_ inaccurately
D SC4 under LDG SC4 Ac=0.50 yes much safer

Notes: SC4 featured the highest ratio of web width to flange width of 6.15.

Further, the strength predictions between the non-perforated and perforated columns were also
compared. Taking the simulation-to-predicted ratios for non-perforated columns as a benchmark, any large
discrepancies due to perforation are highlighted in the figures presented in Section T.2 where blue and red
circles represent the relatively over- and under-predictions, respectively. The results suggest that
discrepancies due to the presence of perforations were more obvious for Hat and Rack sections and whether
the strength was over- or under-predicted partly correlated with the failure mode. These observations indicate
that the influence of holes varied between different section types and failure modes, and thus it may require
more than a linear equation (as expressed in F1 in Method 19) to provide accurate predictions for different
scenarios. For example, different sets of nonlinear equations may be required for different section types which

warrants further research.

Simulation-to-predicted ratios are plotted in Fig. 52-Fig. 56 as a function of (Ag-An)/Ag (i.e. perforation
area ratio of the cross-section). Systematic error in the accuracy of the strength prediction with respect to the
size (width) of the perforation can be visually identified for large perforations. In particular, the column strength
tended to be over-predicted for Z, Rack, and especially Hat sections with large perforations. The accuracy of
the predictions deteriorated quickly with an increase in the hole size of Hat section columns, which indicates
that Hat section was influenced more by the presence of perforations. This may be related to the fact that Hat

section is the only one that had holes located in the flanges.

2 Simulations - C - all failure modes / DSM
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Fig. 52: Simulation-to-predicted ratios for all C section columns by DSM Method 19 as a function of

perforated cross-sectional area to gross cross-sectional area
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Simulations - Z - all failure modes / DSM
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Fig. 53: Simulation-to-predicted ratios for all Z section columns by DSM Method 19 as a function of

perforated cross-sectional area to gross cross-sectional area
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Fig. 54: Simulation-to-predicted ratios for all Hat section columns by DSM Method 19 as a function of

perforated cross-sectional area to gross cross-sectional area
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Simulations - Rack - all failure modes / DSM
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Fig. 55: Simulation-to-predicted ratios for all Rack section columns by DSM Method 19 as a function of

perforated cross-sectional area to gross cross-sectional area

2.5 Simulations - SC - all failure modes / DSM
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Fig. 56: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 19 (with

separate regression constants) as a function of perforated cross-sectional area to gross cross-sectional area

In view of this, in order to achieve better results, columns with large holes were excluded from the
statistics of the predictions by means of DSM Method 19. Table 116-Table 119 list the statistics of the
predictions for all columns with Hole Width Factor (HWF) of 0, 0.2, 0.4, and 0.6, while the figures in Section
U.1 illustrate the corresponding simulation-to-predicted ratios for each section type. The corresponding
statistics and figures for all columns with HWF=0, 0.2, and 0.4 are presented in Table 120-Table 123 and in
Section V.1.

Overall, the results show that excluding the columns with HWF=0.8 results in a decrease in the V; value
from 0.153 to 0.144 (-5.88%) and an increase in the overall ¢ value from 0.873 to 0.888 (1.72%). In terms of
section type, Hat and Rack sections benefited most by showing 6.10% (from 0.853 to 0.905) and 4.74% (from
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0.865 to 0.906) increases in the values of ¢, respectively. Besides, in terms of failure mode, the G, LD, DG

and LDG modes benefited significantly by showing 7.14%-10.31% decreases in the values of Vp.

When the columns with HWF=0.6 were also excluded from the statistics, the overall V, value further
decreased by 3.47% (from 0.144 to 0.139), and the overall ¢ value increased slightly by another 0.34% (from
0.888 to 0.891). Distinctively, the 14.57% (from 0.151 to 0.129) decrease in Vp and 4.30% (from 0.906 to
0.945) increase in ¢ demonstrate that Rack section continued to show significant benefit from excluding larger
holes from statistics. In terms of failure mode, the G mode still shows the most decrease in Vp (-8.05% from
0.087 to 0.080), while the LDG mode has the most increase in ¢ (1.54% from 0.907 to 0.921).

In addition, the results for Stiffened C section, whether obtained by the separate regression analysis or
not, were minimally affected by excluding from the statistics the columns with large holes. This indicates that
the linear formula with respect to the perforation in the regression factor F1 (via Equation (35)) was accurate
enough to describe the influence of holes on Stiffened C section columns. Furthermore, Section 2.1.2 also
showed that the strength of Stiffened C section columns was least affected by the presence of holes

compared to the other section types.
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Table 116: Resistance factors for columns with Hole Width Factor=0, 0.2, 0.4, and 0.6 failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 19 —

Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-d-nh, regression analyses of final strengths

. i Failure mode
prediction| Section 3 G G D AILLG G D

method | shape [—5- Vo | ¢ n [ Pe | Vol g [ n P Vo] s n|Pa|Vol o [n]|rl|Ve] 4 n
C 1.128]0.104|0.938 | 6331 |1.041|0.101 |0.868 |3333 |1.007 |0.076 |0.857 | 1253 | 1.231 |0.137 |0.985 | 2870 | 1.117 |0.129 [0.904 | 13787
DSM Z 1.177]0.09310.989 ] 3349 [1.037[0.160|0.806 |10321.134 [0.057 [0.979 [ 1924 [1.164 [0.068 [0.998 [ 1850 [ 1.146 |0.099 [0.958 | 8155
Method Hat  |1.130]0.093]0.949] 1212 [1.396|0.197 |1.025 | 403 |1.213 [0.0811.030] 101 |1.155 |0.0730.986 | 333 [1.191[0.154 [0.932 | 2049
19 Rack  |1.197]0.074|1.021] 380 |1.114]0.195|0.821| 807 |1.091 [0.078 [0.927 | 288 [1.091 [0.047 [0.947 | 295 [1.124]0.144 |0.891 | 1770
Stiffened C |1.105 [0.1300.892 | 272 [1.087]0.1120.896 | 110 [1.092[0.058[0.941 | 148 [1.308[0.264 [0.854 | 185 |1.152 [0.194 [0.849| 715
All sections | 1,144 0.102 |0.953 | 11544 |1.077 |0.167 |0.828 | 5685 | 1.088 |0.087 [0.919 | 3714 | 1.199 |0.128 [0.971 |5533 | 1.133 [0.127 |0.918 | 26476

Table 117: Resistance factors for columns with Hole Width Factor=0, 0.2, 0.4, and 0.6 failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by

DSM Method 19 — Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-d-nh, regression

analyses of final strengths

- . Failure mode
predt'ﬁ“g” Sehc“on LD DG LDG Al LD, DG, LDG ALL Failure modes
method shape e " Tvo [ 46 [n [Po [ Vo [ 6 [ n [P Vo | g [n|Pa Vol 6| n [Po|[Vo]| 6] n
C 0.97710.15610.763 12384 10.999 (0.12310.813| 1979 |1.04310.17810.789] 706 10.99510.14910.784 | 5069 |1.085]0.143{0.862 (18853
DSM Z 1.065(0.06910.912 3107 11.1820.07311.010| 2273 [1.165]0.12310.948(4732]1.138(0.10910.941]10112{1.1420.10410.948 |18267
Method Hat 1.137{0.115]0.934| 441 11.1210.14710.886| 1468 [1.269]0.20910.914( 743 [1.1650.175]10.885| 2652 [1.1760.16710.905[ 4701
19 _Rack 1.03910.116/0.853] 104 ]1.131(0.155/0.884| 628 |[1.267]0.126]1.027] 678 [1.1900.15310.932] 1410 |1.153]0.151]0.906] 3180
Stiffened C[0.928(0.292|0.575| 185 [1.028]0.2470.693 | 1320 [1.113]0.238(0.762| 617 |1.044[0.253]0.697| 2122 [1.071]0.241]0.729 | 2837
All sections|1.032(0.130(0.833 {6221 (1.093{0.160]0.848 | 7668 [1.169]0.1600.907 [7476]1.102 |0.161 [(0.854 121365 ]1.119(0.144 |0.888 |47838
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Table 118: Resistance factors for stiffened C section columns with Hole Width Factor=0, 0.2, 0.4, and 0.6 failing in modes L, LG, G, D, and L+LG+G+D by DSM
Method 19 — Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-d-nh, SEparate regression

analyses of final strengths

Failure mode

prediction| Section L LG G D AllL, LG.G.D
method shape P | V, P n Pm | Vp & n| Pml| Vp ¢ n | Pm | Vp ] n | Pm [ Vp [ n
DSM

Me;gOd Stiffened C|1.180|0.092(0.992| 272 |1.328(0.078|1.130| 110 [1.2080.052(1.046| 148 |1.389(0.240|0.947| 185 |1.263(0.165|0.973| 715
(for SC)

Table 119: Resistance factors for stiffened C section columns with Hole Width Factor=0, 0.2, 0.4, and 0.6 failing in modes LD, DG, LDG, LD+DG+LDG, and all
failure modes by DSM Method 19 — Maodification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-g-nh,

separate regression analyses of final strengths

Failure mode

Pﬁggﬁgg” Ssizt:)oe” LD DG LDG AllLD. DG. LDG ALL Failure modes
Pm [ Vp o n Pm [ Vp o n Pm [ Vp 1 n Pm [ Vp @ n Pm | Vp @ n
DSM
Me:EQOd Stiffened C |0.950(0.135|0.762| 185 |1.091|0.214(0.779| 1320 |1.247(0.107|1.032| 617 [1.124]0.195(0.828 | 2122 |1.159(0.194|0.855| 2837
(for SC)
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Table 120: Resistance factors for columns with Hole Width Factor=0, 0.2, and 0.4 failing in modes L, LG, G, D, and L+LG+G+D by DSM Method 19 —

Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-d-nh, regression analyses of final strengths

. i Failure mode
prediction| Section 3 G G D AILLG G D

method | shape [—5- Vo | ¢ n [P | Vol g [n Pl Vol g nlP]Vvel o |n]ral]|Ve]| ¢ n
C 1.119]0.102[0.932 | 5157 |1.035]0.103 |0.862 | 2307 | 1.006 [0.079 |0.855 | 847 |1.207 |0.149 |0.950 | 1976 | 1.108 [0.127 [0.898 [ 10287
DSM Z 1.171]0.09210.984 | 2703 [1.026 [0.1480.809 | 700 [1.111 [0.051 [0.962 [ 1300 1.141[0.059 [0.984 [1250|1.134[0.095 [0.951 | 5953
Method Hat  |1.131]0.094|0.949| 944 |1.414]0.201]1.031] 291 [1.185|0.076 |1.009| 66 |1.166]0.080]0.990 225 [1.193]0.1590.928] 1526
19 Rack  |1.186/0.073|1.012] 273 |1.146]0.172]0.874| 548 |1.111|0.076 |0.947 | 192 1.099[0.045 [0.955 | 199 |1.142]0.129]0.923 | 1212
Stiffened C |1.099 [0.126 [0.892 | 210 11.109[0.090[0.934| 74 [1.0860.051]0.940] 100 |1.32010.268 [0.856 | 125 [1.152[0.193 [0.851| 509
All sections | 1.13710.100|0.948 | 9287 |1.079]0.168 |0.827 |3920|1.076 |0.080 [0.914 | 2505 | 1.181 [0.134 |0.948 3775 | 1.126 [0.126 |0.914 | 19487

Table 121: Resistance factors for columns with Hole Width Factor=0, 0.2, and 0.4 failing in modes LD, DG, LDG, LD+DG+LDG, and all failure modes by DSM

Method 19 — Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-d-nh, regression analyses of

final strengths

- . Failure mode
predt'ﬁ“g” Sehc“on LD DG LDG Al LD, DG, LDG ALL Failure modes
method shape e " T Vo [ 46 [ n [ Po [ Vo | 6 [ n [ Po Vo] 6 [n |Po[Vol| 6| n [Po[Vo]| 6| n
C 0.976(0.15610.762]1619(1.00310.120]0.819] 1347 11.053]0.185]0.788 | 504 10.99810.151]0.784| 3470 |1.080(0.139(0.862 (13754
DSM Z 1.064 {0.063]10.915]2099]1.166]0.07210.997{ 1539 (1.171]0.117]0.960(3289(1.137]0.105]0.944 | 6927 [1.136]0.100]0.947 {12880
Method Hat 1.143{0.106]10.948 | 298 1.142]0.12110.932| 991 [1.294]10.196]0.951 [ 506 {1.185]0.160]0.920| 1795 [1.188]0.159]0.924 [ 3321
19 _Rack 1.02610.097(0.859] 71 ]1.15410.1080.955| 424 11.27610.104]1.061] 455 |1.20310.12310.979] 950 ]1.169]0.129]0.945( 2162
Stiffened C[0.927[0.290|0.576| 125 [1.014{0.237]0.696| 900 [1.111]0.227(0.775] 421 |1.035(0.244]0.701 | 1446 [1.065]0.235|0.734 [ 1955
All sections|1.031(0.128 (0.834 {4212 1.092(0.148]0.861| 5201 [1.176]0.1540.921 (5175(1.104|0.155[0.863 114588 |1.117{0.139]0.891 |34072
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Table 122: Resistance factors for stiffened C section columns with Hole Width Factor=0, 0.2, and 0.4 failing in modes L, LG, G, D, and L+LG+G+D by DSM

Method 19 — Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-a-nh, SEparate regression

analyses of final strengths

Failure mode

prediction| Section L LG G D AllL, LG.G.D
method shape P | V, P n Pm | Vp & n| Pml| Vp ¢ n | Pm | Vp ] n | Pm [ Vp [ n
DSM

Me;gOd Stiffened C|1.184|0.086(1.000| 210 |1.351(0.051|1.170| 74 |1.200|0.047(1.042| 100 |1.403(0.246|0.947| 125 |1.265(0.166|0.974| 509
(for SC)

Table 123: Resistance factors for stiffened C section columns with Hole Width Factor=0, 0.2, and 0.4 failing in modes LD, DG, LDG, LD+DG+LDG, and all

failure modes by DSM Method 19 — Maodification 11 to Option 4 in (Moen and Schafer 2011) — replace D equation by DG interaction equation, use Pcr-1-nh and Per-g-nh,

separate regression analyses of final strengths

Failure mode

Pﬁggﬁgg” Ssizt:)oe” LD DG LDG AllLD. DG. LDG ALL Failure modes
Pm [ Vp o n Pm [ Vp 1 n Pm [ Vp @ n Pm [ Vp 1) n Pm [ Vp ¢ n
DSM
Me:EQOd Stiffened C|0.951(0.141|0.757 125 |1.079(0.210|0.776( 900 |[1.246|0.109|1.030( 421 |1.117(0.194|0.823| 1446 [1.155(0.194|0.852 1955
(for SC)
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4. Conclusions

The best-performing, and hence the proposed design method (i.e. DSM Method 19) was based on
modifying the Option 4 method in (Moen and Schafer 2011) such that (i) DG interaction was included, (ii)
P, ., and P_, . based on gross section were used, and (jii) a factor based on a regression analysis was

Ci

added to improve the final design strength. Its expressions are recapitulated as follows:

The nominal member capacity of a perforated member in compression (P, ) shall be

P =Flxmin(P, , P..,P.) (36)

nle® " nde® ' ne

(i) The nominal member capacity of a perforated member in compression (P, ) for flexural, torsional or

flexural-torsional buckling shall be calculated as follows:

For 4, <1.5: F>ne=(0.655¥~3)F>y (37)
0.877
For A4, > 1.5: PHCZ( PE ]Py (38)

where A, =(Py/Pcr_e_h)°'5, P... includes the influence of hole(s), and may be calculated as per the

C

simplified methods proposed by Moen and Schafer (2009).

(i) The nominal member capacity of a perforated member in compression (P, ) for local buckling

nle

(including local-global interaction) shall be calculated as follows:

For 4, <0.776, P, =P, <P, (39)

0.4 0.4
F 0.776, P, =|1-0.15 Rt an Rt an P <P 40
Orﬂ’lc> . > Tnle™ | 17V B P— ne — ' yn ( )

where 4,=(P. /P, ..)", P does not include the influence of hole(s) and may be calculated by

cr-l mh
means of SAFSM.

(iii) The nominal member capacity of a perforated member in compression (P

ne

4 ) for distortional buckling

(including distortional-global interaction) shall be calculated as follows:

For 4., <4,, P.=P

n min

(41)
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P —P
For Ay, <Ay < Ay, Pye=Puin — {mm—dz](ﬂdz - )“dl) (42)
2 /1d1
P s 06
For A, > A, P,.= 1—0.25( “I;d’“h ] [ CI;d'“h] P. (43)

where 2, =P /P, . » P, =min(P, P,),4,=0.561(P, /P,),

Ci

1. 1.2

/1d2=O.561(14(Py/Pyn)0'4—13), Pd2=(1-0.25(1//1d2) 2)(1/1(,2) P..and P_, . does not includes

ne '’

the influence of hole(s) and may be calculated by means of SAFSM.

The factor F1 in Equation (36) is calculated as per Equation (44) where HWF=hole width factor=hole
width/flat web width, HLF=hole length factor=hole length/hole width, HSF=hole spacing factor=clear hole
spacing/hole width, H=overall web width, B=overall flange width, D=overall lip width, t=thickness. The

constants in Equation (44) are defined in Table 124.

Fl=a+tbx 4, +cx A, +dx A, +ex HWF +fx HLF +gx HSF +hx%+ix%+jx%+kx%+mxg (44)

Table 124: Constants from regression analysis for DSM Method 19

a b c d e f
9.38E-01 | 6.89E-02 |-3.14E-02| 5.76E-02 | -2.20E-01 | -2.46E-02
g h [ j k m
5.32E-03 | 1.10E-03 |-2.24E-03 |-6.76E-03 |-7.98E-03 | 5.57E-02

For improved reliability, constants defined in Table 125 are recommended for Stiffened C section

columns.

Table 125:; Constants from regression analysis for DSM Method 19 — Stiffened C section only

a b c d e f

7.42E-01

3.65E-02

-1.66E-02

3.01E-02

-2.05E-01

-2.11E-02

g

h

J

k

m

8.96E-03

-1.15E-03

1.73E-03

3.20E-03

3.39E-02

1.47E-01

Besides, the study presented in this report also prompts the following remarks:

@0

perforated columns but also non-perforated columns. Compared to the current DSM, the accuracy

The proposed design method, i.e. DSM Method 19, can be used not only for
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and reliability of the strength prediction for non-perforated columns in general can be improved

significantly by means of Method 19.

(ii) It is generally true that the variation in the predictions was largely caused by
interaction of buckling modes rather than the presence of holes, although it is noticed that the
influence of holes to some extent depends on the section type, section dimensions, and failure

modes.

(i) Design methods generally performed worse for failure modes involving the D mode
(i.e. D, LD, DG and LDG) as shown by their higher values of V,. It has been shown that including
DG interaction in the DSM distortional equations contributed significantly to the reduction of
scatter in prediction related to the DG and LDG modes, and an additional regression analysis
could further reduce the scatter associated with the D, LD, DG and LDG modes. In addition, it has
been demonstrated that it is unfavourable to include LD or LDG interaction equations in the DSM
because they generally resulted in a considerable increase in the prediction scatter and thus a
decrease in the resistance factor. Future research is warranted regarding the interaction with the

D mode.

(iv) Although it remains sound to base the column strength on a slenderness that relates
elastic buckling and yield (or strength), the statistics of the predictions by the DSM can vary
significantly depending on the section type and failure mode. It is virtually impossible to achieve a
uniform ¢ value for all section types and failure modes using a particular set of strength equations.
From a design viewpoint, it may be preferable to select the accurate ¢ value for a specific section
type and failure mode; alternatively, one may use a more conservative approach by adopting the
minimum ¢ value of all failure modes for a particular section, or a less conservative approach by

adopting the average ¢ value of all failure modes for a particular section.

(v) It is not recommended to use the local and distortional elastic buckling loads Pcr-1-h
and Pcran including the influence of holes as per the simplified methods proposed by Moen and
Schafer (2009), because for the great majority of columns, Pcr1-n produced the same buckling
loads for non-perforated and perforated members, while replacing Pcr-dah by Perd based on gross

section reduced the overall value of V, favourably.
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APPENDIX A

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 1 -
AS/NZS 4600 DSM

A.l non-perforated columns

2 Simulations - C - all failure modes / DSM
1.8
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Fig. A.1: Simulation-to-predicted ratios for non-perforated C section columns by DSM Method 1 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. A.2: Simulation-to-predicted ratios for non-perforated Z section columns by DSM Method 1 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. A.3: Simulation-to-predicted ratios for non-perforated Hat section columns by DSM Method 1 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. A.4: Simulation-to-predicted ratios for non-perforated Rack section columns by DSM Method 1 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. A.5: Simulation-to-predicted ratios for non-perforated Stiffened C section columns by DSM Method 1
with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

A.2 perforated columns
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Fig. A.6: Simulation-to-predicted ratios for perforated C section columns by DSM Method 1 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Z - all failure modes / DSM
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Fig. A.7: Simulation-to-predicted ratios for perforated Z section columns by DSM Method 1 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. A.8: Simulation-to-predicted ratios for perforated Hat section columns by DSM Method 1 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Rack - all failure modes / DSM
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Fig. A.9: Simulation-to-predicted ratios for perforated Rack section columns by DSM Method 1 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. A.10: Simulation-to-predicted ratios for perforated Stiffened C section columns by DSM Method 1
with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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A.3 non-perforated and perforated columns

Simulations - C - all failure modes / DSM
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Fig. A.11: Simulation-to-predicted ratios for all C section columns by DSM Method 1 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. A.12: Simulation-to-predicted ratios for all Z section columns by DSM Method 1 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. A.13: Simulation-to-predicted ratios for all Hat section columns by DSM Method 1 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. A.14: Simulation-to-predicted ratios for all Rack section columns by DSM Method 1 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2 Simulations - SC - all failure modes / DSM
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Fig. A.15: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 1 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. A.16: Simulation-to-predicted ratios for all columns by DSM Method 1 with classified failure modes

(from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. A.17: Simulation-to-predicted ratios for all columns by DSM Method 1 with classified section types
(from left to right: C, Z, Hat, Rack and Stiffened C)
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APPENDIX B

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 2 -
minimum of LG and DG interaction equations based on AS/NZS 4600
DSM

B.1 non-perforated columns

2 Simulations - C - all failure modes / DSM
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Fig. B.1: Simulation-to-predicted ratios for non-perforated C section columns by DSM Method 2 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. B.2: Simulation-to-predicted ratios for non-perforated Z section columns by DSM Method 2 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. B.3: Simulation-to-predicted ratios for non-perforated Hat section columns by DSM Method 2 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. B.4: Simulation-to-predicted ratios for non-perforated Rack section columns by DSM Method 2 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. B.5: Simulation-to-predicted ratios for non-perforated Stiffened C section columns by DSM Method 2
with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

B.2 non-perforated and perforated columns
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Fig. B.6: Simulation-to-predicted ratios for all C section columns by DSM Method 2 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Z - all failure modes / DSM
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Fig. B.7: Simulation-to-predicted ratios for all Z section columns by DSM Method 2 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. B.8: Simulation-to-predicted ratios for all Hat section columns by DSM Method 2 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Rack - all failure modes / DSM
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Fig. B.9: Simulation-to-predicted ratios for all Rack section columns by DSM Method 2 with classified

failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. B.10: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 2 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX C
SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 3 -
minimum of LG, DG, and LD interaction equations based on

AS/NZS 4600 DSM

C.1 non-perforated columns

3.5 Simulations - C - all failure modes / DSM
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Fig. C.1: Simulation-to-predicted ratios for non-perforated C section columns by DSM Method 3 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. C.2: Simulation-to-predicted ratios for non-perforated Z section columns by DSM Method 3 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. C.3: Simulation-to-predicted ratios for non-perforated Hat section columns by DSM Method 3 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. C.4: Simulation-to-predicted ratios for non-perforated Rack section columns by DSM Method 3 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM

8] 10 20 30 40 50 60 70 80

Specimen No.

Fig. C.5: Simulation-to-predicted ratios for non-perforated Stiffened C section columns by DSM Method 3
with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX D

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 4 —
LDG interaction equation based on AS/NZS 4600 DSM

D.1 non-perforated columns

3.5 Simulations - C - all failure modes / DSM
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Fig. D.1: Simulation-to-predicted ratios for non-perforated C section columns by DSM Method 4 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. D.2: Simulation-to-predicted ratios for non-perforated Z section columns by DSM Method 4 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. D.3: Simulation-to-predicted ratios for non-perforated Hat section columns by DSM Method 4 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. D.4: Simulation-to-predicted ratios for non-perforated Rack section columns by DSM Method 4 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. D.5: Simulation-to-predicted ratios for non-perforated Stiffened C section columns by DSM Method 4

with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX E

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 5 -

Option 2 in (Moen and Schafer 2011) (i.e. Pyn everywhere, Pc (i.e.
Pcr-1-h, Per-d-h, Pere-n) by the simplified methods in (Moen and Schafer
2009))

E.1l non-perforated and perforated columns

3.5 Simulations - C - all failure modes / DSM
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Fig. E.1: Simulation-to-predicted ratios for all C section columns by DSM Method 5 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. E.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 5 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. E.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 5 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. E.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 5 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. E.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 5 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX F
SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 6 —

Option 4 in (Moen and Schafer 2011) (i.e. limit Pny to Pyn,
transition Png to Pyn, Pcr by the simplified methods in (Moen and

Schafer 2009))
F.1 non-perforated and perforated columns
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Fig. F.1: Simulation-to-predicted ratios for all C section columns by DSM Method 6 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. F.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 6 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. F.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 6 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. F.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 6 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2 Simulations - SC - all failure modes / DSM
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Fig. F.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 6 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX G

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 7 — AS/NZS
4600 DSM with Pyn everywhere and Pcr based on gross area (i.e. Per-g-nh,
Pcr—d—nh, Pcr—e—nh)

G.1 non-perforated and perforated columns
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Fig. G.1: Simulation-to-predicted ratios for all C section columns by DSM Method 7 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. G.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 7 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. G.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 7 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. G.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 7 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. G.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 7 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX H

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 8 — AS/NZS
4600 DSM with Py in the slenderness, Pyn elsewhere and P¢r based on
gross area

H.1 non-perforated and perforated columns

4.5 Simulations - C - all failure modes / DSM
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Specimen No.

Fig. H.1: Simulation-to-predicted ratios for all C section columns by DSM Method 8 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. H.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 8 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2 Simulations - Hat - all failure modes / DSM
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Fig. H.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 8 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. H.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 8 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

School of Civil Engineering Research Report R949 Page 166
The University of Sydney



Design of Perforated Thin-walled Steel Columns

2 Simulations - SC - all failure modes / DSM
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Fig. H.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 8 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX |

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 9 -
Modification 1 to Option 4 in (Moen and Schafer 2011) — replace Pcr-e-h
by Pcr-e-nh

1.1 non-perforated and perforated columns

3 Simulations - C - all failure modes / DSM
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Fig. I.1: Simulation-to-predicted ratios for all C section columns by DSM Method 9 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. 1.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 9 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. 1.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 9 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. I.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 9 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. I.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 9 with classified

failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX J

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 10 —
Modification 2 to Option 4 in (Moen and Schafer 2011) — replace Pcr-1-n
by Per-1-nh

J.l non-perforated and perforated columns

3 Simulations - C - all failure modes / DSM

0} 5000 10000 15000 20000

Specimen No.

Fig. J.1: Simulation-to-predicted ratios for all C section columns by DSM Method 10 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. J.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 10 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. J.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 10 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Rack - all failure modes / DSM
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Fig. J.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 10 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

School of Civil Engineering Research Report R949 Page 172
The University of Sydney



Design of Perforated Thin-walled Steel Columns

2 Simulations - SC - all failure modes / DSM
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Fig. J.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 10 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX K

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 11 —
Modification 3 to Option 4 in (Moen and Schafer 2011) — replace Pcr-d-h
by Per-d-nh

K.1 non-perforated and perforated columns
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Fig. K.1: Simulation-to-predicted ratios for all C section columns by DSM Method 11 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. K.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 11 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. K.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 11 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Rack - all failure modes / DSM
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Fig. K.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 11 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2 Simulations - SC - all failure modes / DSM
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Fig. K.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 11 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX L

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 12 —
Modification 4 to Option 4 in (Moen and Schafer 2011) — replace the D
equation by the AS/NZS 4600 DSM D equation, limit Png to Pyn; use

Per-d-h
L.1 non-perforated and perforated columns
3 Simulations - C - all failure modes / DSM
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Fig. L.1: Simulation-to-predicted ratios for all C section columns by DSM Method 12 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. L.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 12 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. L.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 12 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. L.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 12 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. L.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 12 with

classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX M

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 13 —
Modification 5 to Option 4 in (Moen and Schafer 2011) — minimum of
(i) regression analyses of LG equation using Per-1-nn, (ii) D equation, and
(iii) G equation

M.1 non-perforated and perforated columns

3 Simulations - C - all failure modes / DSM

0} 5000 10000 15000 20000

Specimen No.

Fig. M.1: Simulation-to-predicted ratios for all C section columns by DSM Method 13 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. M.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 13 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2.5 Simulations - Hat - all failure modes / DSM
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Fig. M.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 13 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Rack - all failure modes / DSM
1.8

1.6
1.4

12 il

0.8
0.6

I:)u-FEM/Pn

0.4
0.2

o 1000 2000 3000 4000

Specimen No.

Fig. M.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 13 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. M.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 13 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX N

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 14 —
Modification 6 to Option 4 in (Moen and Schafer 2011) — minimum of
(i) regression analyses of LG equation using Pcr-1-nh and (ii) D equation

N.1 non-perforated and perforated columns
3 Simulations - C - all failure modes / DSM
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Fig. N.1: Simulation-to-predicted ratios for all C section columns by DSM Method 14 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. N.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 14 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. N.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 14 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. N.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 14 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

School of Civil Engineering Research Report R949 Page 184
The University of Sydney



Design of Perforated Thin-walled Steel Columns

Simulations - SC - all failure modes / DSM
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Fig. N.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 14 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX O

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 15—
Modification 7 to Option 4 in (Moen and Schafer 2011) — minimum of
(i) regression analyses of LG equation using Pcr-1-nh and (ii) G equation

0.1 non-perforated and perforated columns

Simulations - C - all failure modes / DSM

0} 5000 10000 15000 20000

Specimen No.

Fig. O.1: Simulation-to-predicted ratios for all C section columns by DSM Method 15 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. O.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 15 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2.5 Simulations - Hat - all failure modes / DSM
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Fig. O.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 15 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. O.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 15 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. O.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 15 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX P

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 16 —
Modification 8 to Option 4 in (Moen and Schafer 2011) — use Pcr-j-nh
and Pcr-d-nh, factor final strengths

P.1 non-perforated and perforated columns
2.5

Simulations - C - all failure modes / DSM
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Fig. P.1: Simulation-to-predicted ratios for all C section columns by DSM Method 16 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. P.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 16 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. P.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 16 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. P.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 16 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. P.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 16 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX Q

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 17 —
Modification 9 to Option 4 in (Moen and Schafer 2011) — use Pcr-j-nh
and Pcrd-nh, regression analyses of final strengths

Q.1 non-perforated and perforated columns
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Fig. Q.1: Simulation-to-predicted ratios for all C section columns by DSM Method 17 with classified failure
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Fig. Q.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 17 with classified failure

modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2.5 Simulations - Hat - all failure modes / DSM
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Fig. Q.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 17 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. Q.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 17 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2.5 Simulations - SC - all failure modes / DSM
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Fig. Q.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 17 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Q.2 non-perforated and perforated stiffened C section columns with separate regression

parameters
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Fig. Q.6: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 17 by

separate regression parameters with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX R

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 18 —
Modification 10 to Option 4 in (Moen and Schafer 2011) — replace D
equation by DG interaction equation, use Pcr-y-nh and Per-d-nh, factor

final strengths

R.1 non-perforated and perforated columns, not factor final strengths

2 Simulations - C - all failure modes / DSM
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Fig. R.1: Simulation-to-predicted ratios for all C section columns by DSM Method 18 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. R.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 18 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. R.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 18 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. R.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 18 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2 Simulations - SC - all failure modes / DSM
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Fig. R.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 18 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

R.2 non-perforated and perforated columns, factor final strengths by 0.85

2.5 Simulations - C - all failure modes / DSM
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Fig. R.6: Simulation-to-predicted ratios for all C section columns by DSM Method 18 with classified failure

modes (from left to right: L, LG, G, D, LD, DG, and LDG
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Simulations - Z - all failure modes / DSM
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Fig. R.7: Simulation-to-predicted ratios for all Z section columns by DSM Method 18 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. R.8: Simulation-to-predicted ratios for all Hat section columns by DSM Method 18 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Rack - all failure modes / DSM
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Fig. R.9: Simulation-to-predicted ratios for all Rack section columns by DSM Method 18 with classified

failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

2.5 Simulations - SC - all failure modes / DSM
2 :
1
: = X
4 .3 i
= e . i.‘ E ‘ ‘}-3.‘ 5 s %\2
&§ Y3 52;11‘ -+ | } N, Eh8k, .. A gs 'ﬁ'gl, .
B h aeiiall & Witiah . H90a S WYL 2
= 1 ‘-\!i ‘ilk'! ‘% H t5eil% RECRITER 25t ; b2
o LRI TEIARY | SE 115 i 131 5 hes b
' ' e
0.5 3 S
o]
0] 500 1000 1500 2000 2500 3000 3500

Specimen No.

Fig. R.10: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 18 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX S

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 19 —
Modification 11 to Option 4 in (Moen and Schafer 2011) — replace D
equation by DG interaction equation, use Pcr-y-nh and Per-g-nh, regression
analyses of final strengths

S.1 non-perforated and perforated columns
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Fig. S.1: Simulation-to-predicted ratios for all C section columns by DSM Method 19 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. S.2: Simulation-to-predicted ratios for all Z section columns by DSM Method 19 with classified failure
modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. S.3: Simulation-to-predicted ratios for all Hat section columns by DSM Method 19 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. S.4: Simulation-to-predicted ratios for all Rack section columns by DSM Method 19 with classified
failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2.5 Simulations - SC - all failure modes / DSM
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Fig. S.5: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 19 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

S.2 non-perforated and perforated stiffened C section columns with separate regression
parameters

Simulations - SC - all failure modes / DSM
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Fig. S.6: Simulation-to-predicted ratios for all Stiffened C section columns by DSM Method 19 by separate

regression parameters with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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S.3 non-perforated columns
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Fig. S.7: Simulation-to-predicted ratios for non-perforated C section columns by DSM Method 19 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

Simulations - Z - all failure modes / DSM
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Fig. S.8: Simulation-to-predicted ratios for non-perforated Z section columns by DSM Method 19 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. S.9: Simulation-to-predicted ratios for non-perforated Hat section columns by DSM Method 19 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. S.10: Simulation-to-predicted ratios for non-perforated Rack section columns by DSM Method 19 with
classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. S.11: Simulation-to-predicted ratios for non-perforated Stiffened C section columns by DSM Method
19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

S.4 non-perforated stiffened C section columns with separate regression parameters
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Fig. S.12: Simulation-to-predicted ratios for non-perforated Stiffened C section columns by DSM Method
19 by separate regression parameters with classified failure modes (from left to right: L, LG, G, D, LD, DG,
and LDG)
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APPENDIX T

Highlights of large discrepancies in the simulation-to-predicted
ratios by DSM Method 19

T.1 non-perforated columns
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Fig. T.1: Highlight of large discrepancies in the simulation-to-predicted ratios for non-perforated C section
columns by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. T.2: Highlight of large discrepancies in the simulation-to-predicted ratios for non-perforated Z section
columns by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. T.3: Highlight of large discrepancies in the simulation-to-predicted ratios for non-perforated Hat
section columns by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and
LDG)
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Fig. T.4: Highlight of large discrepancies in the simulation-to-predicted ratios for non-perforated Rack
section columns by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and
LDG)
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2.5 Simulations - SC - all failure modes / DSM
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Fig. T.5: Highlight of large discrepancies in the simulation-to-predicted ratios for non-perforated Stiffened
C section columns by DSM Method 19 (with separate regression constants) with classified failure modes (from
left to right: L, LG, G, D, LD, DG, and LDG)

T.2 non-perforated and perforated columns
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Fig. T.6: Highlight of large discrepancies in the simulation-to-predicted ratios for all C section columns by
DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Z - all failure modes / DSM
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Fig. T.7: Highlight of large discrepancies in the simulation-to-predicted ratios for all Z section columns by
DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

2.5 Simulations - Hat - all failure modes / DSM
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Fig. T.8: Highlight of large discrepancies in the simulation-to-predicted ratios for all Hat section columns
by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Rack - all failure modes / DSM
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Fig. T.9: Highlight of large discrepancies in the simulation-to-predicted ratios for all Rack section columns
by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. T.10: Highlight of large discrepancies in the simulation-to-predicted ratios for all Stiffened C section
columns by DSM Method 19 (with separate regression constants) with classified failure modes (from left to
right: L, LG, G, D, LD, DG, and LDG)
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APPENDIX U

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 19 —for
columns with Hole Width Factor=0, 0.2, 0.4, and 0.6

u.l non-perforated and perforated columns
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Fig. U.1: Simulation-to-predicted ratios for C section columns with Hole Width Factor=0, 0.2, 0.4, and 0.6
by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)

2 Simulations - Z - all failure modes / DSM
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Fig. U.2: Simulation-to-predicted ratios for Z section columns with Hole Width Factor=0, 0.2, 0.4, and 0.6
by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - Hat - all failure modes / DSM
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Fig. U.3: Simulation-to-predicted ratios for Hat section columns with Hole Width Factor=0, 0.2, 0.4, and
0.6 by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. U.4: Simulation-to-predicted ratios for Rack section columns with Hole Width Factor=0, 0.2, 0.4, and
0.6 by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Design of Perforated Thin-walled Steel Columns
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Fig. U.5: Simulation-to-predicted ratios for Stiffened C columns with Hole Width Factor=0, 0.2, 0.4, and

0.6 by DSM Method 19 (with separate regression constants) with classified failure modes (from left to right: L,
LG, G, D, LD, DG, and LDG)
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APPENDIX V

SIMULATION-TO-PREDICTED RATIOS BY DSM METHOD 19 —for
columns with Hole Width Factor=0, 0.2, and 0.4

V.1 non-perforated and perforated columns
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Fig. V.1: Simulation-to-predicted ratios for C section columns with Hole Width Factor=0, 0.2, and 0.4 by
DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. V.2: Simulation-to-predicted ratios for Z section columns with Hole Width Factor=0, 0.2, and 0.4 by
DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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2.5 Simulations - Hat - all failure modes / DSM
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Fig. V.3: Simulation-to-predicted ratios for Hat section columns with Hole Width Factor=0, 0.2, and 0.4 by
DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Fig. V.4: Simulation-to-predicted ratios for Rack section columns with Hole Width Factor=0, 0.2, and 0.4
by DSM Method 19 with classified failure modes (from left to right: L, LG, G, D, LD, DG, and LDG)
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Simulations - SC - all failure modes / DSM
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Fig. V.5: Simulation-to-predicted ratios for Stiffened C columns with Hole Width Factor=0, 0.2, and 0.4 by

DSM Method 19 (with separate regression constants) with classified failure modes (from left to right: L, LG, G,

D, LD, DG, and LDG)
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