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The ductile design of steel structures is directly influenced by the flexural behaviour of steel beams, which should
be sufficient to allow plastic hinges to rotate until the collapse mechanism is completely developed. To guarantee
the achievement of such a performance, the beam flexural overstrength must be quantified to appropriately
apply capacity design principles. To this aim, analytical formulations to predict the flexural overstrength factor
(s) of steel beams with a wide range of cross-section typologies (I and H sections, square and rectangular hollow
sections) were developed based on gene expression programming (GEP). An experimental database was gath-
ered from the available literature and processed to obtain the training and testing databases for the derivation
of the closed-form solution through GEP. The independent variables used for the development of the prediction
models were the geometric properties of the sections, the mechanical properties of the material, and the shear
length of the steel beams. The predictions of the proposed GEP-based models were compared with the results
obtained using the existing analytical equations proposed in the current literature. Comparative analysis revealed
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that the proposed formulation provides a more accurate prediction of beam overstrength.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The flexural behaviour of steel beams plays a key role in the structur-
al performance of steel moment-resisting frames. The main response
parameters governing the beam behaviour are the rotation capacity
and the flexural ultimate resistance [1,2]. The former is the source of
the local ductility supply needed to achieve a global dissipative structur-
al behaviour, whereas the latter governs the flexural overstrength,
which must be accurately known to appropriately apply capacity design
principles, as currently implemented in all modern seismic codes. This
design philosophy leads to the formation of a ductile mechanism in
the structures to dissipate the seismic input energy through plastic de-
formations within specific parts (namely, members and/or connec-
tions) of the structure itself [3]. Additionally, it may be necessary to
design the main structural elements along a similar design approach
under non-seismic conditions, such as in the case of robustness under
exceptional loading, where it is crucial to enhance the local resistance
of principal members to prevent progressive collapse [4]. Hence, both
under seismic conditions and in the case of exceptional loading, it is fun-
damental to guarantee that the structural elements connected to ductile
parts are designed to resist the maximum strength experienced by the
latter. Thus, an effective estimation of the level of hardening developing
in such elements prior to strength degradation is essential at the design
stage for the safe application of capacity design rules [5,6].
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To this end, several studies have been carried out to derive analytical
formulations for the rotation capacity and flexural overstrength of the
structural steel members [1,2,7-15]. In particular, some studies have
used computational tools (namely, finite element analysis) or have de-
veloped computational aids. For example, in the study of Wilkinson and
Hancock [15], finite element analysis was applied to cold-formed rect-
angular hollow section (RHS) beams to predict the rotation capacity of
class 1 (plastic) and 2 (compact) beams. Gioncu et al. [9] and
Anastasiadis et al. [10] developed a computer programme (DUCTROT-
M) to determine both the flexural strength and the available rotation ca-
pacity of wide-flange beams.

Recently, novel approaches based on soft computing have been
employed to address the analysis and design of steel structures, thus
borrowing from artificial intelligence philosophies widely used to
solve sophisticated engineering problems in the past [16-29]. For exam-
ple, in the study of Saka [16], a genetic-algorithm-based optimum de-
sign is presented for pitched-roof steel portal frames with haunches
for the rafters at the eaves. Gholizadeh et al. [17] used finite element
(FE) and soft computing techniques, namely, back-propagation (BP)
neural network and adaptive neuro-fuzzy inference system (ANFIS)
methods, to propose models for the estimation of the critical buckling
load of the web posts of castellated steel beams. Fonseca et al. [18]
utilised neural networks to forecast steel beam patch load resistance,
comparing the results with preceding models and existing design for-
mulae. They concluded that the networks' percentage errors relative
to the experimental results confirm the possibility of using the unified
methodology to generate new data accurately. In the study of Gandomi
et al. [19], an alternative approach for predicting the flexural resistance
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and initial rotational stiffness of semi-rigid joints in steel structures
using linear genetic programming was proposed. Furthermore, in an-
other study [20], using genetic programming, a solution for the rotation
capacity of wide flange beams was illustrated based on experimental re-
sults from the literature.

The review of state of the art clearly highlighted that soft computing
techniques are very promising methods providing practical and accu-
rate prediction formulae. In particular, gene expression programming
(GEP) is the most effective and versatile approach because it does not
require predefined functions, unlike analytical methods. Indeed, in
GEP, the functions are randomly formed, and those best fitting the ex-
perimental results are selected.

The above consideration has motivated the authors to implement
GEP to develop explicit formulations of the flexural overstrength factor
for steel beams with a reasonable degree of accuracy. To the best of the
authors' knowledge, the current technical literature does not feature
any prediction models derived from GEP for this purpose. To this end,
in the present paper, two GEP-based mathematical models developed
to predict the flexural overstrength factor for steel beams with [-H sec-
tions and rectangular and square hollow sections (RHS, SHS) are de-
scribed and discussed. These models are derived using geometrical
parameters (namely, cross-section properties) and mechanical parame-
ters (namely, material strength and shear length) collected from a
wide-ranging experimental database (covering 141 tests) available
from the literature.

2. Flexural overstrength factor
2.1. Definition

The flexural overstrength factor (s) is a generally intended non-di-
mensional parameter measuring the ultimate bending capacity of steel
beams, which can be noticeably larger than the plastic bending strength
because of the strain hardening that can be experienced prior to the
complete development of local buckling or fractures [1]. This factor
can be given by the following ratio:

fu
7,

N

)

where fip is the stress corresponding to the complete development of
local buckling and f, is the yielding stress.

However, this parameter can also be calculated using the following
more practical expression:

_ Mmax

s=
MP

(2)

where Mp,.x represents the maximum moment that can be reached
by the structure, while M, is the theoretical full plastic moment.
The definition is illustrated in the generalised force displacement
curve of a member able to withstand plastic deformation shown in
Fig. 1.

2.2. Flexural overstrength factor in current design codes

The consistent and reliable structural design of frames requires that
the flexural overstrength factor be known. A simple definition of s was
given in AISC 341-10 [21] as 1.1Ry, where Ry is the ratio between the
expected yield stress and the specified minimum yield stress. This pa-
rameter ranges from 1.1 to 1.5 depending on the steel grade and thus
only accounts for the variability of material characteristics. The current
Italian code NTC 2008 [22] and Eurocode 8 [23] consider a similar
overstrength factor, given by 1.1y,,. In particular, Eurocode 8 [23] sug-
gests the use of y,, = 1.25, leading to an overall overstrength factor
of 1.10 x 1.25 = 1.375. It should be taken into account that AISC 341-
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Fig. 1. Generalised moment-rotation curve for a steel beam [1].

10 [21] evidently distinguishes the overstrength due to random materi-
al variability, the expected yield strength, strain-hardening, and
other possible sources by means of the 1.1 factor, whereas this
clear difference is not made in Eurocode 8, where the flexural
overstrength due to strain-hardening and other sources is not men-
tioned [1]. Only the late Italian code OPCM 3274 [11,24] overcame
this limit by providing s using the formulation suggested by Mazzolani
and Piluso [24]. In accordance with that code, s can be estimated
for I and H sections subjected to axial and/or flexural loads considering
steel grade as follows:

S= 1 b S% (3)
0.695 + 1.632)\} + 0.062A2,—0.602 Lf Y
v
where
by |f
_f ]y

dw,e f
}\w: t, \/% (5)

are the flange and the web slenderness parameters, respectively,
with b¢ being the flange width, t¢ the flange thickness, dy,  the com-
pressed part of the web, and t,, the web thickness. Moreover, the
ratio b¢/L, accounts for the effect of the stress gradient along the
member axis, with L, being the shear length, i.e., the distance between
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Fig. 2. Schematic views of the test arrangement and geometry of cross-section variables
for I-H steel beams.
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Fig. 3. Schematic views of the test arrangement and geometry of cross-section variables
for RHS-SHS steel beams.

the plastic hinge and the point of zero moment. The compressed part of
the web, i.e., the effective compressed web, can be computed according
to [25] as

1 A
due =3 (1440 ) ©®)
w

where A is the section area, A, is the web area, dy, is the web depth, and
pis the non-dimensional axial load, i.e., the ratio between the axial load
and the squash load.

2.3. Review of the existing analytical formulations

2.3.1. Flexural overstrength factor for I and H profiles

To estimate the overstrength factor of the steel beams in relation
to the cross-sectional dimensions and material characteristics, vari-
ous relations have been proposed in the literature [1,2,11,25-27].
Kato [25,26] proposed empirical equations to estimate the flexural
overstrength based on the results of 68 tests conducted on “stub-column”
specimens with different steel grades and local (flange and web) slender-
ness parameters. The normalised overstrength s was obtained by multiple

regression analysis as function of the flange and web slenderness for each
grade of steel, whose expression is given by the following:

1 06003 + 1.600 n 0.1535 7)
s ay o,
where
2
E(t
=7, <—b ; /2> (8)
is the slenderness parameter of the flange and
E tw> 2
o, =+ " 9
=7 (& ©)

is the slenderness parameter of the web, d,, is the web height, t,, is the
web thickness, f; is the yield strength, and E is the modulus of elasticity of
steel.

Brescia [2] proposed a novel expression of s, recalibrating the coeffi-
cients of the formulation developed by [24] and adopted by OPCM 3274
[11,24]. From the multiple regression of a limited set of experimental
data, she derived the following expression:

b
L 03491082702 + 00312 —0239 —0.045 =

_ &n
= I p 0263 (10)

y

Moreover, considering the average mechanical properties of European
mild carbon steel, Eq. (10) can be specialised as follows [2]:

5= 1.323 4-0.827A% + 0.03}\w—0.239L— (11)
v
More recently, in a study by D'Aniello et al. [1], another empirical

equation for predicting s was derived by multiple linear regression anal-
ysis using a wider database of experimental tests, as follows:

b
1 =171+ 0.167)\% + 0.006)\5,-0.134—f —0.007 E —0.0053 th (12)
S L, E, &

2.3.2. Flexural overstrength factor for RHS and SHS profiles
A number of predictive equations for evaluating flexural overstrength
of steel beams with RHS and SHS profiles are available in the literature

Table 1

Summary of the experimental database for the I-H and RHS-SHS steel beams.
No. Authors Test no. Profile type Steel grade Test setup Loading history
1 Lukey and Adams (1969) [35] 12 I and H hot-rolled MCS? 3PBT* Monotonic
2 Climenhaga (1970) [36] 10 I welded MCS 3PBT Monotonic
3 Grubb and Carskaddan (1979,1981) [37,38] 7 I welded HSS” 3PBT Monotonic
4 Kemp (1985) [39] 14 I and H welded + hot-rolled MCS 3PBT Monotonic
5 Schilling (1988,1990) [40,41] 3 I welded HSS 3PBT Monotonic
6 Wargsjo (1991) [42] 10 I welded HSS 3PBT Monotonic
7 Dahl et al. (1992) [43] 6 I welded HSS 3PBT Monotonic
8 Boeraeve and Lognard (1993) [44] 5 I and H hot-rolled MCS 3PBT Monotonic
9 Suzuki et al. (1994) [45] 6 I welded MCS + HSS 3PBT Monotonic
10 Landolfo et al. (2011) [1,46] 3 I'and H hot rolled MCS CBT® Monotonic
11 Wilkinson (1999) [29] 44 Cold-formed RHS + SHS MCS 4PBTY Monotonic
12 Zhou and Young (2005) [47] 15 Cold-formed RHS + SHS MCS + HSS 4PBT Monotonic
13 Landolfo et al. (2011) [1,46] 6 Cold-formed RHS + SHS MCS CBT Monotonic

¢ MCS = mild carbon steel.

b HSS = high-strength steel.

¢ 3PBT = 3-point bending test.
9 4PBT = 4-point bending test.
¢ CBT = cantilever bending test.
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Table 2
Input and output database of training and test sets for I-H steel beams.
Ref no. Data no. be d te tw L, £y, flange £y, web E/Ey &n/ey s
[35] 1 203.5 256.7 10.8 7.65 1740 283 308 42.8 11 1.38
2 176 256.7 10.8 7.65 1473 283 308 42.8 11 141
3 102.6 201.86 528 445 777 371 395 48.2 9.8 111
4 739 201.86 5.28 445 518 371 395 48.2 9.8 1.15
5 86.1 201.86 5.28 445 627 371 395 48.2 9.8 1.13
6 94 201.86 528 445 698 371 395 48.2 9.8 1.05
7 96.8 201.82 5.26 445 724 371 395 48.2 9.8 1.04
8 101.9 251.72 5.26 4.6 686 371 350 48.2 9.8 1.11
9 73.7 251.72 5.26 46 480 371 350 48.2 9.8 126
10 859 251.72 5.26 4.6 584 371 350 48.2 9.8 1.16
11 935 251.72 5.26 4.6 648 371 350 48.2 9.8 1.12
12 889 251.72 5.26 46 640 371 350 48.2 9.8 1.14
[36] 13 135 201 8 57 1956 315 344 48.2 9.8 1.09
14 134 204 9.5 6 1956 293 310 42.8 11 1.22
15 104 305.8 6.9 6 1956 357 412 48.2 9.8 0.89
16 128 352 8 6 1956 324 363 48.2 9.8 0.86
17 141 398.2 7.6 6.2 1956 303 379 42.8 11 0.92
18 135 201 8 5.7 1346 315 344 48.2 9.8 1.06
19 134 204 9.5 6 1346 293 310 42.8 11 1.26
20 104 305.8 6.9 6 1346 357 412 48.2 9.8 097
21 128 352 8 6 1346 324 363 48.2 9.8 092
22 105 308.6 103 6.2 1346 319 384 48.2 9.8 097
[37,38] 23 156 406.4 9.7 6.7 914 383 345 48.2 9.8 1.04
24 156 406.4 9.7 6.7 1829 383 345 48.2 9.8 1.00
25 156 406.4 9.7 6.7 2743 383 345 48.2 9.8 0.96
26 157 3084 11.2 83 1219 370 337 48.2 9.8 131
27 150 3744 11.2 84 1524 370 337 48.2 9.8 1.15
28 130 404.4 11.2 84 1524 370 337 48.2 9.8 1.10
29 158 4074 11.2 84 1524 370 337 48.2 9.8 1.08
[39] 30 150 217.8 8.09 6.65 1830 340 358 48.2 9.8 1.12
31 145 2174 10.57 6.82 1830 285 329 42.8 11 1.14
32 106 2739 7.05 5.85 1830 332 388 48.2 9.8 1.03
33 149 2179 8.56 6.78 915 340 358 48.2 9.8 127
34 149 2171 8.44 6.78 915 294 300 42.8 11 1.22
35 140 209.5 10.77 6.76 915 288 329 42.8 11 1.27
36 145 366.3 8.33 5.96 1830 375 403 48.2 9.8 1.01
37 154 1203 9.83 744 1830 313 300 48.2 9.8 1.22
38 146 2179 9.03 6.35 1830 340 358 48.2 9.8 1.09
39 105 282.2 6.92 5.82 1830 332 388 48.2 9.8 1.00
40 104 2775 6.76 5.59 2179 317 351 48.2 9.8 1.05
41 145.54 402.2 11.11 6.84 1830 285 329 42.8 11 1.11
42 180 210 8.05 6.11 1830 332 326 48.2 9.8 1.18
43 180 210 8 6 1816 332 326 48.2 9.8 1.26
[40,41] 44 127 611 7 53 1067 410 450 48.2 9.8 0.68
45 229 622 12.5 53 1981 401 450 48.2 9.8 0.81
46 311 9454 15.7 53 2895.5 342 450 48.2 9.8 0.89
[42] 47 131 500.8 9.9 4 1910 370 335 48.2 9.8 091
48 130 501.8 9.9 4 2860 370 335 48.2 9.8 0.89
49 131 457 10 4 1760 370 335 48.2 9.8 092
50 131 458.8 9.9 4 2640 370 335 48.2 9.8 0.95
51 132 414.6 9.8 4 1610 370 335 48.2 9.8 0.94
52 130 422 10 4 2400 370 335 48.2 9.8 0.92
53 131 379.8 9.9 4 1460 370 335 48.2 9.8 0.99
54 131 379.8 9.9 4 2160 370 335 48.2 9.8 097
55 131 336 10 4 1310 370 335 48.2 9.8 1.02
56 131 339.6 9.8 39 1920 370 335 48.2 9.8 0.98
[43] 57 202 200 15 95 1500 428 456 48.2 9.8 1.36
58 202 200 15 95 1500 428 456 48.2 9.8 1.30
59 280 280 18 10 1500 982 984 48.2 9.8 1.09
60 280 280 18 10 1500 864 813 48.2 9.8 1.06
61 280 280 18 10 1500 468 536 48.2 9.8 1.06
62 280 280 18 10 1500 278 323 48.2 9.8 1.24
[44] 63 200.7 1833 141 8.8 1500 303 342 42.8 11 1.14
64 200.2 1833 14.7 95 1500 375 421 48.2 9.8 1.15
65 201.5 184.6 15.1 9.5 1500 445 462 48.2 9.8 1.16
66 200.4 1858 14.6 9.6 1500 261 291 37.5 123 1.13
67 199.9 189.3 14.9 94 1500 409 426 48.2 9.8 1.15
[45] 68 150 132 9 6 600 291 340 42.8 11 1.25
69 150 132 9 6 900 291 340 428 11 123
70 150 132 9 6 600 526 509 48.2 9.8 1.26
71 150 132 9 6 600 527 340 48.2 9.8 1.20
72 150 132 9 6 600 291 509 42.8 11 1.15
73 150 132 9 6 900 291 686 42.8 11 1.14

(continued on next page)
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Ref no. Data no. b¢ d tr tw L, fy, flange £y, web E/Ey Enley s
[1,46] 74 160 152 9 6 1875 275 275 428 11 130
75 240 240 17 10 1875 275 275 428 11 136
76 150 300 10.7 7.1 1875 275 275 428 11 122
Table 3 . [1,2,25,26]. For example, Kato [25,26] proposed a relationship generalised
Input and output database of training and test sets for RHS-SHS steel beams. . .
for cold-formed SHS, given by the following:
Refno. Datano. b d t r L, fy E/Ew enley s
[29] 1 5025 151.04 492 99 450 441 482 98 123 1 —0.778 + 0.13 (13)
2 5041 15092 49 107 450 441 482 98 1.17 S «a
3 5027 15043 392 68 450 457 482 98 127
4 504 15044 387 73 450 457 482 98 1.19 where
5 5011 15042 389 73 450 457 482 98 124
6 5016 15021 389 54 450 423 482 98 1.17 E /t\? 14
7 5022 15047 297 59 450 444 482 98 1.15 a= 7. \b (14)
8 5001 15079 295 58 450 444 482 98 1.16 J
9 5034 1508 296 57 450 444 482 98 1.13 . . . . .
10 5015 15043 2.6 46 450 446 482 98 102 is the slende;rness parameter for the. SHS section, with b bem.g the width
1 5041 15039 257 46 450 446 482 98 1.00 of the edge in compression and t being the corresponding thickness.
12 5023 1504 259 48 450 446 482 98 1.10 Brescia [2] proposed a formulation for s obtained by multi-linear re-
13 504 15031 264 53 450 440 482 98 111 gression analysis of the experimental data obtained from tests carried
14 5064 15065 225 46 450 444 482 98 098 t by Wilki [29] 1o d profiles. Thus. the follow
15 5057 15051 228 42 450 444 482 98 1.01 out by Vvilkinson | 291 on cold-tormed profles. 1hus, the following ex-
16 507 15037 226 48 450 444 482 98 098 pressions were provided:
17 507 10045 206 38 450 449 482 98 1.07
18 5055 10049 207 39 450 449 482 98 1.01 1 2 2 by
19 5024 10046 204 47 450 449 482 98 107 5= 0711+ 0.09A7 +0318X,—0.189;>  for SHS beams  (15)
20 5022 10045 204 34 450 423 482 98 1.08 v
21 501 7548 194 44 400 411 482 98 1.04 1 b
22 5031 75.63 195 44 400 411 482 98 1.02 =27+ 0.62)\% + 0.0206)\3-2.]1 “f for RHS beams. (16)
23 2528 7531 198 37 400 457 482 98 1.11 S L,
24 2523 7533 195 4 400 457 482 98 1.13
25 2512 7524 154 31 400 439 482 98 108 More recently, based on a wider experimental database, D'Aniello
26 252 749 154 34 400 439 482 98 1.13 L d . h . he fl !
57 2508 7498 156 39 400 439 482 98 109 et al. [1] proposed a unique equation to est}mate the flexura
28 2512 7527 155 34 400 422 482 98 1.03 overstrength factor for RHS and SHS steel beams, given as follows:
29 2525 7519 156 34 400 422 482 98 1.00
30 50.13 15046 3 62 450 370 482 98 121 1 2 2 b¢ E
31 5019 1505 296 65 450 370 482 98 115 g — 0-014+0.294A} +0.094A,—0.713 >+ 0.017 . (17)
32 5051 15045 3 68 450 382 482 98 118 v h
33 5051 15038 3 63 450 382 482 98 121
34 5043 10091 206 36 450 400 482 98 1.00
35 5052 10083 205 38 450 400 482 98 1.00 3. Overview of genetic programming
36 7584 12556 292 66 450 397 482 98 1.03
37 7574 1254 293 69 450 397 482 98 1.04 : . : . : .
38 Tes6 1254 291 71 430 397 430 98 103 . A gen4.3t1c algorlthm. (GA)isa se.arch techmqu.e u'sed in computing to
39 751 1254 253 39 450 374 482 98 1.06 nd precise or approximate solutions to optimisation or sgarch prob-
40 10027 10043 288 52 450 445 482 98 1.02 lems. GAs are a particular class of evolutionary computation and can
41 10033 10053 291 5 450 445 482 98 095 be categorised as global search heuristics. The techniques used by GA
42 10025 10053~ 286 52 450 445 482 98 103 are inspired by evolutionary biology, including inheritance, mutation,
a3 5021 15032 3.9 79 450 349 482 98 128 selection, and crossover (recombination)
44 5057 15039 385 75 450 410 482 98 1.19 . - : /. Lo .
[47] 45 401 401 196 2 4807 447 482 98 129 Genetic programming (GP) is essentially the application of genetic
46 40 401 388 4 4803 565 482 98 131 algorithms to computer programmes [30]. GP has been applied success-
47 805 804 191 4 4807 398 482 98 098 fully to solve discrete, non-differentiable, combinatory, and general
48 799 798 477 75 481 448 482 98 149 nonlinear engineering optimisation problems [31]. It is an evolutionary
49 498 999 197 2 480 320 482 98 151 . L . . .
50 496 997 388 4 4797 378 482 98 171 algorithm-based methodology inspired by biological evolution used to
51 599 1202 184 25 4807 361 482 98 1.14 develop a computer programme that performs a user-defined task.
52 597 120 389 55 4807 392 482 98 1.80 Therefore, it is a machine-learning technique used to create a popula-
53 402 40 194 2 4143 707 482 98 121 tion of computer programmes according to a fitness landscape deter-
>4 0.1 503 154 15 414 622 482 98 105 mined by a programme's ability to perform a given computational
55 1506 1507 278 48 5467 448 482 98 078 Dy a prog ty to p 8 p
56 150.7 1505 587 6 550 497 482 98 123 task. Similar to GA, the GP only needs the pl'OblElTl to be defined as
57 805 1403 309 65 480 486 482 98 1.19 input. Next, the programme searches for a solution in a problem-
58 809 160.6 29 6 480 536 482 98 1.07 independent manner [30’32]
59 1091 1977 4 85 548 503 482 98 107 Gene expression programming (GEP), introduced by Ferreira [33],
[146] 60 100 150 5 10 1875 275 426 11 129 b idered I devel f ic aloorith d
61 30 160 2 s 1875 275 426 11 125 can be considere anatura. evelopment of genetic algorithms an ge-
62 100 250 10 20 1875 275 426 11 144 netic programming. In detail, GEP evolves computer programmes of dif-
63 160 160 63 126 1875 355 482 98 105 ferent sizes and shapes encoded in fixed-length linear chromosomes. A
64 200200 10 20 1875 355 482 98 128 GEP algorithm begins with a random generation of the fixed-length
65 250 250 8 16 1875 355 482 98 1.14

chromosomes of each individual in the initial population. Next, the
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Table 4
Statistics for the experimental data for I-H steel beams.
be d te tw Ly, fy. flange fy, web E/Ey 5h/gy N

a) Training data
No. of data 57 57 57 57 57 57 57 57 57 57
Mean 145.89 286.65 9.84 6.39 2905.65 37428 380.16 46.97 10.08 1.09
Standard deviation 4434 111.85 3.22 1.85 1098.23 118.88 112.16 2.50 0.56 0.14
cov 030 039 033 0.29 038 0.32 0.30 0.05 0.06 0.13
Min. value 73.70 120.30 526 3.90 960 261 275 37.50 9.80 0.68
Max. value 280.00 622.00 18.00 10.00 5486.00 982.00 984.00 4820 1230 136
b) Test data
No. of data 19 19 19 19 19 19 19 19 19 19
Mean 169.64 30145 10.11 6.32 3166.26 337.47 383.05 46.49 10.18 1.12
Standard deviation 62.24 189.84 3.82 1.81 1318.66 50.25 99.43 2.58 0.57 0.15
cov 037 0.63 038 0.29 042 0.15 0.26 0.06 0.06 0.13
Min. value 889 132.0 53 4.0 1200.0 275.0 275.0 42.8 9.8 09
Max. value 311 945 18 10 5791 468 686 48 11 1

Table 5

Statistics for the experimental data for RHS-SHS steel beams.

be d t r L, fy E/En enley s

a) Training data
No. of data 49 49 49 49 49 49 49 49 49
Mean 63.43 123.94 2.96 5.68 532.39 420.82 48.09 9.82 1.13
Standard deviation 41.64 37.08 1.58 3.18 347.26 39.73 0.80 0.17 0.17
cov 0.66 0.30 0.53 0.56 0.65 0.09 0.02 0.02 0.15
Min. value 25.08 74.90 1.54 2.00 400.00 320.00 42.60 9.80 0.95
Max. value 250.00 250.00 10.00 20.00 1875.00 536.00 4820 11.00 1.80
b) Test data
No. of data 16 16 16 16 16 16 16 16 16
Mean 74.57 128.89 3.96 6.94 736.85 44538 4715 10.03 1.19
Standard deviation 37.61 61.26 2.03 447 566.25 121.14 2.26 0.48 0.16
cov 0.50 0.48 0.51 0.64 0.77 0.27 0.05 0.05 0.13
Min. value 40 40 154 150 414 275 42.60 9.80 0.78
Max. value 150.70 250 10 20 1875 707 4820 11.00 1.44

chromosomes are expressed, and the fitness of each individual is evalu-
ated based on the quality of the solution it represents [34]. Based on
GEP, novel formulations for the flexural overstrength of steel beams
are proposed hereinafter.

4. Proposed GEP formulation

New formulations of the flexural overstrength factor (s) for I-H and
RHS-SHS steel beams were derived using a set of experimental data
available in the technical literature [ 1,35-47]. The examined test config-
urations, accounting for different load patterns (namely, bending mo-
ment distribution) are depicted in Figs. 2 and 3. The data sources
presented in Table 1 contain precisely selected data samples to ensure
a wide range of cross-section typologies under monotonic loading
with different local slenderness ratios. The experimental data are re-
ported in Tables 2 and 3 for [-H and RHS-SHS beams, respectively. All
of the data samples were ordered to create a consistent sequence of
the inputs to be used for the derivation of the models. The input nodes
include the geometric properties of the section, the mechanical proper-
ties of the material, and the shear length of the steel beams. Thus, nine
and eight input parameters were utilised for the development of GEP
models for the I-H and RHS-SHS profiles, respectively.

The model generated for I-H sections consists of the following pa-
rameters: by (width of flange), d (depth of section),  (thickness of
flange), t,, (thickness of web), L, (shear length), f,, fiange (vield stress of
flange), f, web (yield stress of web), E/E;, (ratio of the modulus of elastic-
ity of steel to the hardening modulus), and &/, (ratio of the strain cor-
responding to the beginning of hardening to the yield strain) (Table 2).

The GEP model for the RHS-SHS profiles included the following
input parameters: b (width of section), d (depth of section), t (wall
thickness of section), r (inside corner radius), L, (shear length), f,
(yield stress), E/Ey, and &,/¢, (Table 3).

The development of a genetic-programming-based mathematical
formulation is achieved using the training data containing input and
output variables. Moreover, to examine and test the performance of
the generated model, an optional data set containing the same number
and sequence of input and output variables is used. Therefore, in the
current study, two ensembles of available experimental data (one for
I-H and one for RHS-SHS beams) were arbitrarily divided into two
parts to obtain the training and testing databases. Approximately 1/4

Table 6
GEP parameters used for the proposed models.

Parameter s for I-H profiles s’ for RHS-SHS profiles
P1  Function set +, =5 A, + =LA
In, exp, sin, cos, tan, In, exp, sin, cos, tan,

arctan arctan

P2 Number of generation 492,531 478,574

P3 Chromosomes 30 30

P4 Head size 10 10

P5 Linking function Addition Addition

P6 Number of genes 8 8

P7 Mutation rate 0.044 0.044

P8 Inversion rate 0.1 0.1

P9 One-point recombination rate 03 03

P10  Two-point recombination rate 03 03

P11  Gene recombination rate 0.1 0.1

P12  Gene transposition rate 0.1 0.1
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Fig. 4. GEP model expression tree for I-H steel beams.

of the total data samples were used as the test database, while the
rest were used as the training database, as shown in Tables 2 and 3.
Thus, 57 and 49 data samples were used as the training data for I-
H and RHS-SHS profiles, respectively, and the testing database
contained 19 data samples for the former and 16 for the latter. The
statistical analyses of the data presented in Tables 2 and 3 are
summarised in Tables 4 and 5, respectively. As can be observed in
Tables 4 and 5, the statistics for both the training and testing sets
are in good agreement, meaning that both of them represent almost
identical populations.

GeneXproTools 4.0 software was utilised for the derivation of the
mathematical model. The GEP parameters used for the derivation of
the mathematical models are given in Table 6. As seen from Table 6, to
provide an accurate model, various mathematical operations were
used. Several modifications of the GEP parameters have been made to
obtain an optimum model with the best fitness. However, trigonometric
operations in combination with exponential functions were predomi-
nantly included in the GEP models presented in this study.

The correlation coefficient (R) (Eq. (18)) describes the fit of the
GEP's output variable approximation curve to the actual test data output
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Fig. 5. Evaluation of the experimental and predicted flexural overstrength factors for I-H
steel beams: A) training set and B) test set.

variable curve. Higher R coefficients indicate a model with better output
approximation capability.

R— Z(mi_m')(Pi_P')
VS m—m’Y (p—p)’

(18)

where m’ and p’ are the means of the measured (m;) and predicted (p;)
values, respectively.

4.1. GEP formulation for I and H beams

The prediction model for I-H sections derived from GEP is
presented in Eq. (19). The models developed by the software in its
native language can be automatically parsed into visually appealing
expression trees, permitting a quicker and more complete compre-
hension of their mathematical/logical intricacies. Fig. 4 demon-
strates the expression tree for the terms used in the formulation of
the GEP model. In the expression tree given in Fig. 4, each of the
first seven sub-parts of the tree contains various input variables.
However, Sub-ET 8 has no independent variable and is instead the
cosine of a real number. Therefore, Sg in the mathematical model
was taken as a constant input, —0.51304.

The performance of the proposed GEP prediction model in
Eq. (19) was graphically depicted in Fig. 5 for both the training and
testing data sets. The variations of the predicted and experimental
data are strongly correlated, with correlation coefficients of 0.928
and 0.929 for the training and testing databases, respectively. More-
over, the closeness of the values of the correlation coefficients may

also be considered as evidence for the consistency and good fitness
of the proposed model.

S$=81+S,+S3+S4+S5+Sg+S7+Sg (19)
s, = sin |/ sin &+ 5179657\ | o/ed, (19a)
dy—d,
Sy = cos[(sin(cos(tan(tan(tan(cosd4 +d8/d7))))))5} (19Db)
S3 = sin(sin(ln(5 d3))> (19¢)
898348.0777 5
54— {e @ } (19d)

S5 = arctan(— <01“Zﬂ) x 4.477539 x {/d, —9.755524> — arctan(ds)
8

(19e)
Sg = \/arctan((;;1rctan(d6—d5 —4.202667 x d3)—3.717102)%)  (19f)
5
3
s; = <\(/1d7°—0.9484470303> (19g)
5
sg = —0.51304 (19h)

where dy = by (the flange width, expressed in mm); d; = d (the sec-
tion depth, expressed in mm); d, = t; (the flange thickness,
expressed in mm); d;3 = t,, (the web thickness, expressed in mm);
d4 = L, (the shear length, equal to L/2 for the 3-point bending test
(3PBT) and L for the cantilever beam test (CBT), with L, the beam
length, expressed in mm); ds = f;, unge (the flange yield stress,
expressed in MPa); d¢ = f,, wep (the web yield stress, expressed in
MPa); d; = E/E,, (the ratio of the modulus of elasticity of steel to
the hardening modulus); and dg = ¢/¢, (the ratio of the strain cor-
responding to the beginning of hardening to the yield strain).

4.2. GEP formulation for RHS and SHS beams

The mathematical formulation of the s value for the RHS-SHS pro-
files is given in Eq. (20). The expression tree for the model is depicted
in Fig. 6, while the prediction performance of the model is shown in
Fig. 7. The calculated correlation coefficients (R) are equal to 0.922
and 0.909 for the training and testing datasets, respectively. Although
the R values for this model are slightly lower than those obtained
from the previous model, the proposed model appeared to be sufficient
for predicting the s value for the RHS-SHS sections.

S'=5]+SH+S5+S,+S5+S6+S7+5Sg (20)
, [sin(d;—d, x dg + 4326019 + d;)\ *
S17 ( 1.495056 (20a)
s, = 4, (20b)
tan(i/ﬂ) i
2.046875— — /| «
ds/d3 ’
gy = (%) » cos d, « {2 —4395874 (20¢)
3 dS 1 4 .
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Sy= Y, (20d)
s's = arctan ds—f/(7.417725 x do)* + (2.573029 x ds)* (20e)
s'g = arctan %—4 In(ds) (20f)
arctan <%>
L 5
dg x d3 _ _ s
o 7647493 tandy—d, + d \/d>0 (0g)
7 d4 g

s's = arctan { 2{’/@ x e 4 (dy +9.994324)* (20h)

5

where do = b (the section width, expressed in mm); d; = d (the
section depth, expressed in mm); d, = t (the section wall thickness,
expressed in mm); d3 = r (the inside corner radius, expressed in
mm); dy = L, (the shear length, equal to (L; — L,) / 2 for the 4-
point bending test (4PBT) and L for the CBT test, where L; and L,
are described in Fig. 3 and expressed in mm); ds = f; (the yield
stress, expressed in MPa); dg = E/E}, (the ratio of the modulus of
elasticity of steel to the hardening modulus); and d; = &,/¢, (the
ratio of the strain corresponding to the beginning of hardening to
the yield strain).
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SHS steel beams: A) training set and B) test set.

5. Discussion of results

To evaluate the efficiency and accuracy of the proposed formula-
tions, the prediction performances of the GEP models and that from
existing analytical formulations (described in Section 2.3) are com-
pared to the experimental data for I-H and RHS-SHS steel beams.
Figs. 8 and 9 indicate the fluctuations of normalised overstrength fac-
tors versus experimental values for [-H and RHS-SHS steel beams,
respectively. Hereinafter, the unique characteristics of each case
are described and discussed.

e 2
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Fig. 8. Prediction performance of the GEP model and existing models for I-H steel beams.

2 + GEP model

D'Aniello et al. model [1]

© Brescia model for SHS [2]
Bresciamodel for RHS [2]
Kato model for SHS [25,26]

(spredlcted‘r se)q:vel'ln'nerutal)

Normalized flexural overstrength

0 T T T
0.5 0.8 1.1 1.4 1.7 2

Flexural overstrength (s)

T

Fig. 9. Prediction performance of the GEP model and existing models for RHS-SHS steel
beams.

5.1. GEP model vs. existing analytical formulations for I-H sections

As it can be observed in Fig. 8, the predicted values of s for the GEP
model ranged from 0.85 to 1.18. However, the ranges of variation for
the other models were as follows: 0.59-1.33 for OPCM 3274 [11,24],
0.85-1.62 for the D'Aniello et al. model [1], 0.11-1.17 for the Kato
model [25,26], and 0.51-0.90 for the Brescia model [2]. Among the
prediction formulations, the proposed GEP model has a correlation
coefficient closest to 1.0. Moreover, Fig. 8 shows that, except the
most extreme upper and lower values, all of the normalised
overstrength factors obtained from the GEP model fall within +
10%. Although the OPCM 3274 [11,24] model yielded fluctuating
values that are not far from the 4 10% limit, its prediction was
worse than that of the GEP model. The results obtained from the
D'Aniello et al. model [1] tended to decrease as the actual s values in-
creased. However, for s values of approximately 1.1, the predicted
values are almost identical to the exact values. However, for actual
values greater than 1.1, the model tends to underestimate the
strength factors, while for actual values less than 1.1, this model
overestimates these values. A non-uniform underestimated scatter
of the normalised values are observed in the Kato model [25,26].
Moreover, the obtained results are strongly divergent from the actu-
al values. Despite having a regular tendency, the normalised values
obtained from the Brescia model [2] are lower than the actual values.

5.2. GEP model vs. existing analytical formulations for RHS-SHS profiles

Based on a critical observation of Fig. 9, it can be inferred that the pre-
diction models provide reasonable estimation performance, except for
the Brescia model for RHS [2]. For experimental values of s ranging
from 0.95 to 1.31, the GEP model and the model by D'Aniello et al. [1]
give similar values, which are very close to the actual ones. However,

Table 7
Statistical parameters of the proposed and existing analytical models for I-H steel beams.
Parameters GEP model OPCM Kato  Brescia D'Aniello
.. model model model et al model
Training Testing
dataset dataset
Mean square 0.003 0.003 0.016 0.135 0.233 0.019
error (MSE)
Mean absolute 4,08 404 9.68 3031 39.71 11.31
percent error
(MAPE)

Root mean square 0.054 0.058 0.129 0367 0482 0.140
error (RMSE)
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for greater values, the model by D'Aniello et al. [1] tends to underesti-
mate these values. In contrast, the values obtained from the GEP model
are still within the — 10% limit. The results from the Kato model [25,26]
are consistent with the variation of the actual values. Nonetheless, they
are generally lower than the actual values. Given that the normalised
values obtained from the Brescia model [2] for SHS and RHS are within
the ranges of 0.91-1.21 and 0.22-0.38, respectively, it can be concluded
that the performance of this model for SHS is much better than that for
RHS.

5.3. Statistical analysis of the results

The accuracy of the prediction performance provided by all
models was evaluated using statistical analysis. Indeed, the quality
of the prediction can usually be characterised by the mean square
error (MSE) of the predicted values from the real measured data.
The smaller the MSE of both data sets (training and test), the higher
the predictive quality. The mean square error (MSE), mean absolute
percentage error (MAPE), and root mean square error (RMSE) have
been introduced to examine the performance of the models. The sta-
tistical formulations of these parameters are given in Eqgs. (21)
through (23). Lower MAE and MAPE values also show the robustness
of the proposed models.

n

) (mi_pi)z
MSE=*=L (21)
n
MAPE:li: M‘ x 100 (22)
i3 i

(23)

where m’ and p’ are the mean values of the measured (m;) and predict-
ed (p;) values, respectively.

The aforementioned statistical parameters are summarised in
Tables 7 and 8 for the prediction models for the I-H and RHS-SHS
steel beams, respectively. As can be recognised from the tables, the
lowest errors were observed for the proposed GEP models indepen-
dently of the type of cross section. Table 7 shows that the MAPE of
the existing models ranged between 9.68% and 39.71%, while the
MAPE of the developed GEP model was approximately 4% for I-H
sections. Based on the analysis of the statistical errors, the OPCM
model [11,24] seems to be the best of the existing models. However,
the errors for the D'Aniello et al. model [1] were very close to the
OPCM model [11,24].

Table 8 indicates that although there are minor increases, the
lowest errors are still observed for GEP model. Moreover, the errors
calculated for the D'Aniello et al. [1] model are very close to those
of the GEP model, while there is a sharp increase in the errors for
the Brescia [2] model for RHS. Significant reductions for SHS can

Table 8

be observed in the models of Kato [25,26] and Brescia [2]. Again,
the lowest error values in the GEP models confirm that the pro-
posed model is more reliable and accurate than the existing
formulations.

6. Practical application of the flexural overstrength factor

The proposed GEP models are derived on the basis of monoton-
ic tests of steel beams under different arrangements and bending
moment distributions. Although the experimental database is lim-
ited to monotonic tests, it can be assumed that the obtained for-
mulations are also suitable under cyclic conditions. Indeed, as
examined by [1], the flexural overstrength under cyclic conditions
is almost the same for sections classified as class 1 according to
Eurocode 3 [48], while it is slightly less than the monotonic for
class 2 sections, owing to the occurrence of some degradation
phenomena. This aspect implies that the monotonic flexural
overstrength factor can be reasonably utilised for seismic capacity
design under dissipative structural behaviour concept, where only
sections of classes 1 and 2 can be adopted according to Eurocode
8. In all other cases, the monotonic overstrength should be consid-
ered as an upper bound.

Hence, both Eqgs. (19) and (20) allows the flexural overstrength
s to be calculated with adequate accuracy under both monotonic
and cyclic loading conditions. These equations can be considered
as useful design aids for all cases in which it is necessary to account
for strain-hardening effects in failure mode control. In particular, in
seismic design, the correct determination of s is fundamental for
the application of hierarchy criteria. The field of application of
Egs. (19) and (20) also includes the case of monotonic plastic de-
sign, such as the design for robustness, where design rules similar
to the hierarchy criteria adopted in seismic design are also needed
to ensure the adequate capacity of structural elements under ab-
normal loading conditions. Hence, to ensure the flexural failure
mode of a steel beam, the surrounding members should be designed
to resist the maximum bending moment, given by sMj,, which the
beam is capable of transferring.

Finally, although the formulations proposed by other researchers are
less accurate than those proposed in this paper, it should be noted that
such formulations are directly based on non-dimensional parameters
having clear physical meaning (flange slenderness, web slenderness,
longitudinal stress gradient, etc.). The same parameters have been
used for the derivation of the proposed formulations, but the final equa-
tions do not clearly show this aspect. In addition, it can be easily
recognised that the existing formulations have the advantage of being
easily implemented for manual calculations. In contrast, the use of the
proposed formulations is less practical due to their complexity and in-
clusion of several mathematical operations. These considerations sug-
gest that the existing empirical formulations, such as those reported in
[1], are more appropriate for code classification purposes. However,
thanks to their greater accuracy, the novel proposed models may find
effective use as design aids to be implemented through computerisation
by users. In such a way, the minor disadvantages due to their high com-
plexity may be easily overcome.

Statistical parameters of the proposed and existing analytical models for RHS-SHS steel beams.

Parameters GEP model Kato model for SHS Brescia model D'Aniello et al. model for RHS + SHS
Training data set Testing data set for SHS for RHS

Mean square error (MSE) 0.004 0.004 0.050 0.029 0.577 0.016

Mean absolute percent error (MAPE) 439 4.76 14.42 14.53 65.65 6.25

Root mean square error (RMSE) 0.067 0.065 0.223 0.172 0.759 0.125
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7. Conclusion

In this paper, a novel and efficient approach for the formulation of
the flexural overstrength factor for steel beams made of I-H and hollow
profiles is presented. The proposed formulation is based on gene ex-
pression programming (GEP) using a wide range of experimental data.
Based on the analysis of the prediction performance of the proposed
and existing models, the following conclusions can be drawn:

» GEP is a viable method for obtaining a comprehensive mathematical
formulation of the flexural overstrength factor for steel beams having
different cross-sectional properties.

* The correlation and accuracy of the proposed GEP models for [-H and
RHS-SHS profiles are very good. In particular, the correlation coeffi-
cients for the training databases are 0.928 and 0.922 for [-H and
RHS-SHS profiles, respectively. Moreover, for the testing databases,
correlation coefficients of 0.929 for the former and 0.909 for the latter
were obtained. Although the database for the testing data set was not
used for training, a high level of prediction was obtained for both the
training and testing data sets, associated with a low mean absolute
percentage of error and high coefficients of correlation. This finding
indicates the generalisation capability of the developed model.
A comparison with the existing analytical formulation for the flexural
overstrength highlighted that the GEP models provide the best predic-
tion of the experimental data. Specifically, the Kato [25,26] and Brescia
[2] models underestimated the flexural overstrength factor of the [-H
sections, while the D'Aniello et al. [1] and OPCM [11,24] formulations
demonstrated better accuracy for these sections. For the RHS-SHS
sections, all existing models depicted a closer trend if compared to
the prediction performances for I-H sections, with the exception of
the Brescia model [2] for RHS, which shows a considerable underesti-
mation of the experimental overstrength data.

Statistical analysis revealed that the proposed GEP formulations have

far lower errors than the existing models. In particular, the highest er-

rors are obtained by the Brescia model [2] for both I-H and RHS-SHS
profiles.
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