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Abstract

In globalization, the selection of the specifications for design practices depends on the investment agency. For
example, steel truss structures can be designed using various codes, such as AISC 360-16 or EC 3. Although
most specifications have recently been written in the limit state design approaches, which codes resulting in
reasonable design solutions are rarely investigated. This work carried out reliability analyses to evaluate the
probabilistic safety levels of the solutions designed by the abovementioned codes. Following the two design
codes, two truss structures are first designed to satisfy the strength limit states. Various live-to-dead load ra-
tios are also adopted for designing tension and compression members of the trusses. Afterward, Monte Carlo
simulations are implemented to assess the failure probability of each design solution. Because the two codes
are written in the limit state design formats, and the factors specified in the codes are established based on
reliability frameworks, consistency and uniformity of the design solutions are investigated. It is revealed that
the trusses designed with AISC 360-16 result in higher probabilistic safety levels compared with those us-
ing EC 3. However, the failure probability for tension and compression bars is more consistently obtained for
those designed by EC 3. Moreover, the reliability indexes for tension bars are lower than those for compression
members, regardless of the code used.

Keywords: reliability analysis; fully probabilistic analysis; Monte Carlo simulation; truss structure; AISC 360-
16; EC 3.
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1. Introduction

Recently, design codes in America and Europe have been written in the limit state design (LSD)
formats wherein components and connections of structures are classified as safe if they satisfy all limit
states predefined in the codes. The load and resistance factors or partial safety factors specified in the
codes are mostly determined based on a semi-probabilistic approach [1-3]. In the design practices, the
members and connections are verified using the factors specified in the codes, and no probabilistic
calculation is required; hence, LSD is classified as a semi-probabilistic approach [1]. In this way,
the methods of LSD outperform the traditional method of allowable working stress because their
partial safety factors are determined via the reliability-based approach, and the design process can be
executed in the same way as the allowable working stress method. The design equation can be written
as Eq. (1) for the design resistance R; and the design load Q.. The equal sign in Eq. (1) indicates the
limit state.

Ry > Q4 )

Each design code specifies different sets of factors for assessing design resistance R;. In addition,
the factors for evaluating the design load effect (Q,) rely on the load and action codes associated
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with the design codes used. For example, when using AISC 360-16 [4] to design steel structures,
ASCE/SEI 7-16 [5] is adopted to assess the load effects. Alternatively, EC 0 and EC 1 are utilized to
determine the load effects when EC 3 is selected for designing steel structures [6, 7].

In LSD, successful design solutions are those satisfying the design equation (Eq. (1)) using factor
sets provided in the design codes and the load and action codes. In design practices, the optimal so-
lution can be achieved by designing such that the limit states (equal sign in Eq. (1)) are achieved for
all members. For instance, in the case of truss structures, members are selected such that resistances
of tension and compression bars are enough for carrying the applied loads but not significantly larger
than the load effects. Assuming that the idea of designing at the limit states is all achieved using the
two design codes, it is difficult to conclude which design solution is the more reasonable solution
than another. In contrast, using probabilistic analyses, the more reasonable design solutions can be
identified by those having a more consistent and uniform safety level of all members. For instance,
the more suitable design of truss structures might have a reasonable uniformity of safety levels con-
sidering both tension and compression bars. In contrast, the trusses with significant differences in
tension and compression safety levels are not appropriate design solutions.

To address the challenge of comparing design solutions designed by different LSD codes, this
study conducts probabilistic analyses to assess the probabilistic safety levels of the truss members
designed with the ultimate (or strength) limit states in the two design codes. Based on the probabilistic
results obtained, the more consistent and uniform designs can be identified, as aforementioned. The
LSDs of truss members are first summarized in Section 2 for the two design codes. Then, Section 3
briefly presents the Monte Carlo simulation (MCS) applied to truss problems. The two truss structures
examined in this work are presented in Section 4. Because comparing two design codes is an ambitious
goal, this study is limited to the planar trusses and ultimate limit states applied to truss bars. Section 5
shows the results of the limit state design and the corresponding probabilistic results evaluated for each
LSD solution. Furthermore, six ratios of live-to-dead loads are employed to examine their effects on
the probabilistic results in Section 5. Finally, conclusions are summarized in Section 6.

2. Limit state design for truss members using AISC 360-16 and EC 3

The truss structure is focused on in this work; hence, the tension and buckling capacities of the
truss members are presented in this section. When using AISC 360-16, the load effects are determined
based on ASCE 7-16. Alternatively, when using EC 3, the load and action code of EC 1 is employed,
as presented previously. For convenience, the use of the American codes and European standards can
be shortened by using AISC and EC in this work. The design equations corresponding to AISC and
EC can be written as Egs. (2a) and (2b) for steel truss members. Noticeably, AISC uses the load and
resistance factors, while EC adopts a partial safety factor format for design equations.

OrRy > > YiOni (2a)

Ry
£ 23 0 2b
T YiOk, (2b)

In the equations, R and Q denote resistance and load components, respectively. Subscript k indi-
cates characteristic values used in EC, whereas n denotes nominal values when using AISC. ¢ is the
resistance factor specified in AISC 360-16 to account for uncertainty in computing capacity, which
shares the same physical meaning with the partial safety factor for material properties (y,s) adopted
in EC 3. The two design codes combine the load effects by accounting for the load factor y; (for the
i™ 1oad). Various load combinations are recommended in the two load and action codes. For strength
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limit states, the two combinations in Eqgs. (3a) and (3b) can be used to determine the load effects
corresponding to AISC and EC, respectively.

0, = 1.20D + 1.60L (3a)

Oy =135D +1.50L (3b)

In Eq. (3), D and L denote the responses of structures against the dead and live load, respectively.
It is clearly seen in Eq. (3) that different load effects will be determined for different codes, even
though the same nominal (or characteristic) values of the dead and live load are applied to the same
structure. For comparison purposes, the same values of the combined loads are used in this work
when using the two design codes.

The tension resistances of the truss members are calculated based on the gross section (A,), as
shown in Egs. (4a) and (4b), corresponding to AISC 360-16 and EC 3, respectively.

RMSC = ¢f,A, (4a)
A

REC = —J;yMg (4b)
0

In Eq. (4), f, is the yield strength of steel material. For tension resistance, a resistance factor (¢)

of 0.9 is taken as per AISC, while a partial safety factor (yy,) of 1.0 is specified in Section 6 of EC 3.

Following AISC 360-16, the buckling resistance is determined based on the flexural buckling

stress F'., as shown in Eq. (5). Resistance factor ¢ is also specified by 0.9, like the tension bar per
AISC 360-16.

RyC = ¢F A, (5)

The flexural buckling stress F, is determined based on the slenderness of member (1), as shown
in Egs. (6a) or (6b) below:

F
Fe = (0.658F7)fy when A <4.71,/E/f, (6a)
F. =0877F, when A>4.71,/E/f, (6b)
KL 2 . .
where 4 = — and F, = —-. L and r correspond to the length of the element and radius of gyration

,
of the section, and K is the effective length factor.
For EC 3, the buckling resistance of compression members is assessed by Eq. (7).

A
REC =X of tfy o
Ym,
In Eq. (7), x is the reduction factor, which is dependent on buckling mode and evaluated by Eq. (8).

1
-—t (8)

O+ 02 -1
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where ® = 0.5 [1 +a (71 - 0.2) + 712] . The non-dimensional slenderness A is calculated by Eq. (9),
wherein A, = 7 \[E/f,.

In the equations, A,z and A, denote areas of the effective section (when buckling) and gross section,
respectively. a is the imperfection factor, depending on the type of cross sections. vy, is the partial
safety factor of steel materials under flexural buckling conditions. Similar to tension members, EC 3
also specifies yy, equal to 1.0 for buckling checking of compression bars. The effective area (A.)
depends on the classifications of the sections, depending on the width-to-thickness ratios of sections,
and are summarized in Table 5.2 of the code. For the first three classes, the effect area will be taken
as the gross area.

3. Reliability analysis for truss structure

The reliability analyses carried out in this work aim to assess the probabilistic safety levels of
the trusses designed by the two design codes. Based on the probabilistic results, comparisons can be
easily made for design solutions using the two codes.

Three methods of reliability analyses can be commonly implemented, including the mean value
first-order second-moment, the first-order reliability method, and MCS [8—10]. Because the first two
methods require explicit fashions of the limit state equations, and this study handles the implicit struc-
tural problems, the MCSs are preferably applied [10-13]. The MCS helps simulate sets of sampling
points of uncertain variables. Afterward, the deterministic calculations are repeatedly performed for
each sample to assess the limit state equation. The number of failure events among all realizations
is recorded to determine the failure probability. The failure probability and the associated reliability
index can be calculated by Egs. (10) and (11), respectively.

Nfailure
N

p=a'(1-Py) (11)

In the equation, Ny,ijr. and N correspond to the number of failure events and the size of MCS.

®~! is the inverse standard normal distribution. The limit state equation can be written as Eq. (12) for
the two strength limit states of truss bars [10].

Py = (10)

g:FS—I:g—l (12)

The uncertainties involved in the steel truss structures consist of material properties of steel mem-
bers such as yield strength (f)), Young’s modulus (E), and cross-sectional properties such as areas
or thicknesses of the sections. Normal distributions are utilized for these uncertain [10, 14—17]. Two
typical loads, including the dead and live load (variable actions in EC), are used in this work. The
dead load applied to structures is simulated as a normal distribution with a mean of 1.05 and COV of
10%. Meanwhile, Extreme type 1 distribution is utilized for live load as recommended in most previ-
ous studies [10, 16—18]. All uncertain variables (represented by their bias factors) are summarized in
Table 1. Various ratios of the live-to-dead loads are used to examine their effects on the probabilistic
safety levels. This ratio is recommended for steel structures from O to 5.0, and six values, including
0, 0.5, 1.0, 1.5, 3.0, and 5.0, are examined in this work. The larger-than-unity ratios are utilized to
reflect the fact that the live load tends to be larger than the dead load in steel structures [16].
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Table 1. Random variables considered

No. Symbol Description 7 Cov Distribution
1 t Thickness of sections (mm) 0.964 0.04 Normal
2 E Young’s modulus (MPa) 1.00 0.06 Normal
3 Fy Yield strength (MPa) 1.10 0.10 Normal
4 D; Dead load (kN) 1.05 0.10 Normal
5 L; Live load (kN) 1.00 0.25 Extreme type 1

Note: The subscript i denotes the i loads (D or L) applied to the truss.

Generally, to evaluate axial forces in truss members, the finite element method (FEM) is com-
monly adopted [19]. Several machine-learning approaches have recently been investigated to develop
surrogate models for truss structures [20]. Based on the surrogate models, the computing time can
be essentially reduced for complicated structures; however, there are still errors in the predictions
of the surrogate models (e.g., an error of 6%, as presented in [20]). In this work, the FEM-Truss, a
MATLAB program developed in the previous work [10], is employed to assess the axial forces of
truss members accurately. One million samples, recommended for the size of MCSs with an expected
reliability index of 3.9 in previous work [10], are also used in the present study.

4. Case studies of two planar trusses

In this work, two truss profiles are examined, as shown in Fig. 1. The first truss, Truss 1 shown
in Fig. 1(a), is a simply supported truss consisting of 23 members. This truss was investigated in
previous works [10, 17], and it was reported that the compression reliability index is higher than that
for tension members. However, only AISC 360-16 and a live-to-dead load ratio of 3.0 was examined
in their studies. The members of Truss 1 are classified into three groups, including the upper chord,
lower chord, and the web members. The squared hollow sections provided by SSAB Domex Tube
(available on www.ssab.com for steel sections) are employed to design sections. The web members are
not critical bars, and they are chosen as 120 X 5.6 mm. The chord members (tension and compression
bars denoted by T and C in Fig. 1) are designed in this work using the two design codes, as presented in

10‘5L, lL_, lLJ l L, le 1L6 0.5L7l

[T Y D, /© D Dj’l\ D) 03D,

E /
<
N

@f L, = 6@6 = 36m
(a) A simply supported truss (Truss 1)
T: Tension bars l{),jL, lL_, le 1L4 le 1L6
C: Compression bars
0.5D, Di| F) Dy| D) Dy| D,

L

©/ Lg=5@2m=10m

(b) A cantilever truss (Truss 2)

Figure 1. Truss problems
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Section 2. The deterministic and probabilistic results will be presented in Section 5. Notably, Truss 1
involves 19 uncertain variables.

The second truss, Truss 2, is a cantilever structure with a span length and a truss height of 10m
and 1 m, respectively. This truss consists of 14 members and carries six dead loads and live loads
applied to the nodes in the upper chord, as shown in Fig. 1(b). Similar to Truss 1, the chord bars
are also designed following the two design codes. The web members are chosen as 120 X 5.6 mm.
Noticeably, the same models of uncertainties summarized in Table 1 are applied to the two trusses.

For a fair comparison, the same values of combined loads are used for designing truss members.
Namely, 90 kN and 62 kN combined loads are applied to Truss 1 and Truss 2, respectively. Notably,
different ratios of live-to-dead load are considered, but the combined loads are constantly kept in this
work, and the nominal values will vary for each ratio considered. Using these combined loads, the
axial forces in the truss members are presented in Fig. 2 for the two trusses. Considering the maximum
tension and compression forces for each truss, the same sections will be designed for each behavior
using the two design codes, and the results will be presented in Section 5.

(-281) (731) (-956) (-956) (-731) (-281)
1 1 1 1 T 1

0.0

) ) of
% e R N N, S
o4 562 900 1012 900 562
00 30 60 90 120 150 180 210 240 270 300 33.0 360
(a) For Truss 1

o 1240 744 372 124 124

’ 6 R 4 P 5

&3 2310) Y, 248) g -186) ) 2

0.0 (-1860) (-1240) (-744) (372)

0.0 2.0 4.0 6.0 8.0 10.0

(b) For Truss 2

Figure 2. Resultant axial forces (1.20D+1.60L using ASCE/SEI 7-16 and 1.35D + 1.50L using EC 0)

5. Results and discussions

In this section, feasible sections will be designed for tension and compression members of each
truss to ensure the limit state equations presented in Subsection 5.1 for the two design codes. The
width of squared hollow sections ranges from 120 mm to 220 mm, while the thicknesses are selected
from 3.0mm to 12.5mm as provided by the SSAB catalog. To ensure the limit state, i.e., remaining
equals signs in the design equation (Eq. (2)), the sections are chosen such that the ratios of the design
resistance and the combined load are not larger than 1.05. That means the redundancy of the design
solutions is not higher than 5%, which will help comparisons of the limit-state design solutions fol-
lowing different design codes more suitable. The deflections of trusses are also checked to ensure the
limits of Ls/300 for Truss 1 and Lg/150 for Truss 2 using AISC [4]. When using EC 3, deflection limits
of Ly/360 and Ly/180 are employed for Truss 1 and Truss 2, respectively [6]. The MCSs are then exe-
cuted and reported in Subsection 5.2 for each design solution of each truss, as presented in Section 3.
The reliability index will be used for comparing purposes concerning the probabilistic point of view.

5.1. Results and discussion on deterministic designs

Considering the maximum axial forces reported in Fig. 2, the results of tension checks for Truss 1
are reported in Figs. 3(a) and 3(b), corresponding to AISC and EC. For compression bars, Figs.
4(a) and 4(b) show feasible sections using AISC and EC, respectively. Similarly, Figs. 5(a) and 5(b)
summarize the tension capacities of sections for Truss 2, corresponding to AISC and EC. Figs. 6(a)
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and 6(b) present the sections found for compression members of Truss 2 associated with AISC and
EC, respectively.
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Figure 3. Tension verifications for Truss 1

The dashed lines in the figures indicate the limit states, i.e., the equal sign in the design equations.
The feasible sections, i.e., the sections that succeed in the verification but have a redundant capacity
within 5%, are shown by circle markers in the figures. It is worth noting that the same results can be
obtained in deterministic designs for every load ratio because the same combined loads are utilized.
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Figure 4. Compression verifications for Truss 1

Figs. 3 and 4 indicate that the two sections, including 120 x 8.0 mm and 150 X 6.0 mm, can be
chosen for tension bars of Truss 1 when using AISC. When using EC 3, three sections, including 120
X 7.1 mm, 140 X 5.6 mm, and 160 x 5.0 mm, are desired for the tension checks and fall in 5% of the
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redundancy. For compression bars of Truss 1, two sections of 160 x 10.0 mm and 180 X 7.1 mm are
suitable when using AISC; meanwhile, when using EC, only one section of 200 x 7.1 mm is suitable
for Truss 1.

Among 54 sections investigated for Truss 2, three sections are suitable for tension bars when
using AISC (120 x 10.0 mm, 140 x 8.0 mm, and 180 X 6.0 mm), as reported in Fig. 5(a). If EC is
employed, three sections, 120 x 8.8 mm, 140 x 7.1 mm, and 160 X 6.0 mm, can be used for tension
members. For compression, two sections (160 x 12.0 mm, 180 X 10.0 mm) can be designed when
using AISC. When using EC, two sections, including 200 x 8.0 mm and 220 x 7.1 mm, are feasible
for compression bars of Truss 2. The number of feasible sections for each behavior and each design
code are recorded in Table 2. More details for each design solution will be presented later.
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Figure 5. Tension verifications for Truss 2

Table 2. Feasible sections for the two truss structures regarding two design codes

Truss 1 Truss 2
Behavior

AISC EC AISC EC

(2) (3) (3) (3)
Tension 120 x 8.0 120 x 7.1 120 x 10.0 120 x 8.0
150 x 6.0 140 x 5.6 140 x 8.0 140 x 7.1
160 x 5.0 180 x 6.0 160 x 6.0

(2) (D (2) (2)
Compression 160 x 10.0 200 x 7.1 160 x 12.0 200 x 8.0
180 x 7.1 180 x 10.0 220 x 7.1

Table 2 indicates that larger sections are required for all tension members of the two trusses when
using AISC, compared to using EC. For instance, a thickness of 8.0 mm is needed for the same width
section of 120 mm when using AISC, whereas a thickness of 7.1 mm is needed for tension members
using EC. In contrast, Table 2 also reveals that larger sections are required for compression members
designed by EC, compared to AISC. For example, a wider section of 200 X 7.1 mm is needed for
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compression members of Truss 1 when using EC, but a smaller section of 180 x 7.1 mm is needed
for the same compression member when using AISC.
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Figure 6. Compression verifications for Truss 2

5.2. Results and discussion on probabilistic analyses

This subsection presents the results obtained from MCSs for 18 cases reported in Table 2. It
should be recalled that six ratios of the live-to-dead loads are examined in this work for each truss
and each design code; hence, each case shown in Table 2 will be carried out six times. Consequently,
108 cases are involved in the probabilistic analyses. For illustration purposes, the load ratio of 1.5 is
presented in Figs. 7 to 10 for the two trusses. Finally, the results for all cases are summarized in Figs.
11 and 12.

Namely, Figs. 7 and 8 show the MCS results for tension and compression behaviors of Truss 1,
respectively. Likewise, Figs. 9 and 10 report the probabilistic results for Truss 2. In the figures, the
left panels present the histograms of load and resistance realizations obtained from MCSs, while the
right panels illustrate the safety factors (i.e., the ratios of resistance R and load Q). The statistical
properties, including the mean (u) and the coefficients of variation (COV), are also captured in the
figures.

It is seen in the figures that the reliability indexes for design solutions (both tension and com-
pression) following AISC are higher than those using EC. Notably, the same phenomenon is also
observed for the compression bars, wherein the section designed using EC is even larger than that
using AISC, as presented in Subsection 5.1. It should be mentioned that the COVs of the safety factor
(R/Q) are relatively similar for the same behavior regardless of the code used. Meanwhile, the means
of the FSs show some differences. Considering tension members of Truss 1 in Fig. 7, for example, the
same COVs of 0.130 are obtained for the FSs when using the two design codes. Meanwhile, the mean
value of FS realization using AISC (1.751) is higher than that using EC (1.578). Consequently, the
reliability indexes obtained from AISC might be higher than those using EC because the reliability
index positively correlates to the FSs.

It is also observed in the figures that the same statistical properties of the loads are obtained
regardless of the codes used. Considering the same behavior (i.e., tension or compression), COVs
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Figure 7. MCS results of tension bars of Truss 1 designed
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Figure 8. MCS results of compression bars, Truss 1 designed

of resistance realizations are quite similar for the two design codes, and the most differences are
shown by means of the resistances. These observations explain why the mean safety factors (which are
calculated by the ratios of resistances and loads) are not identical using the two design codes. Notably,
the two determinate trusses are investigated, and the same combined loads are utilized; therefore,
the same statistical properties of the loads might be obtained. Differences in the safety factors are
attributed to the means of resistance components that are differently estimated as per design codes.
For example, the larger section obtained from AISC results in a higher mean of the tension resistance,
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Figure 9. MCS results of tension bars of Truss 2 designed
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Figure 10. MCS results of compression bars, Truss 2

as depicted in Fig. 7. For compression behaviors and considering the same either sections or effective
lengths of members, compression resistances estimated by AISC are higher than those using EC. This
statement is evidenced by Fig. 4(b), wherein the wider section is required for EC (200 mm) compared
to that designed by AISC (180 mm), although the same thickness of 7.1 mm is utilized.

Fig. 11 summarizes the probabilistic results estimated for all feasible cases reported in Table 2.
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Notably, although the same sections are designed by deterministic calculations for all load ratios,
different nominal dead loads (D)) and live loads (L,) are used in probabilistic analyses to keep the
same factored loads. Consequently, probabilistic results might depend on load ratios, as illustrated in
Fig. 11.
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(b) For Truss 2
Figure 11. MCS results for all ratios of live-to-dead load

The results in Fig. 11 indicate that the design solutions using AISC generally achieve higher
probabilistic safety levels for both tension and compression behaviors, although the same uncertain
models are adopted. For instance, tension reliability indexes for Truss 1 vary from 2.629 to 3.819
when using AISC. Meanwhile, a lower range of reliability indexes (from 2.491 to 3.116) is obtained
for the tension members designed by EC. For compression behaviors, higher reliability indexes are
also obtained for design solutions using AISC compared to those using EC. Furthermore, Fig. 11
illustrates that the probabilistic safety levels are consistently achieved for the two behaviors when
designed by EC. Contrastingly, larger gaps between the tension and compression safety levels are
observed for the two trusses designed by AISC.

To understand the lower reliability indexes reported for the designs using EC, Fig. 12 summarizes
the nominal safety factors (depicted by the ratios of nominal resistances and nominal loads) for all
design solutions using the two design codes. It is observed in the figure that the nominal safety factors
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of designs using AISC are higher than those using EC. It should be recalled that the same means and
COVs of the loads and the relative similarity for COVs of the resistances are achieved when using
the two design codes, as presented in Figs. 9 and 10. Therefore, the differences in the nominal safety
factors reported in Fig. 12 are attributed to the differences in estimations of the nominal resistance
using the two design codes.
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Figure 12. Comparison of nominal safety factor (R, /Q,) for all load ratios

6. Conclusions

This study assesses the probabilistic safety levels of two truss structures that are designed using
the two LSD codes of AISC 360-16 and EC 3. The procedures of the LSDs are first adopted to
design tension and compression members of two truss structures. Afterward, Monte Carlo simulations
are executed to evaluate the failure probabilities and the associated reliability indexes of the design
solutions. The two planar trusses and ultimate limit states are focused on this work. Future studies can
be examined for problems relating to 3D trusses or connections. Based on the limit state designs and
the probabilistic assessments obtained in this work, several conclusions are revealed.

From the limit state designs, larger sections are required for tension members designed by AISC,
compared to those using EC. Nonetheless, compression bars satisfying AISC provisions are smaller
than those designed by EC.

The probabilistic results obtained in this work reveal that the same coefficient of variations are ob-
tained for load and resistance, which indicates that the same uncertain levels of resultants are applied
to the same truss regardless of the codes used. Nevertheless, significant differences are observed for
the means of resistances that cause variations in the probabilistic safety levels of the design solutions
using the two design codes.

108 MCSs are executed for 18 LSD solutions and six different load ratios regarding two truss
structures. The results obtained from the simulations indicate that the probabilistic safety levels of
both tension and compression members designed by AISC are generally higher than those using EC.
Moreover, larger gaps between the reliability indexes estimated for tension and compression behaviors
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are reported for trusses designed by AISC compared to those using EC. That is, the uniformity and
consistency of reliability indexes are for trusses designed by EC.
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