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ABSTRACT. In this research work an optimal model for I-cross section steel beams is
presented with straight haunches under the minimum cost criterion that takes into ac-
count the equations provided by the LRFD (Load and Resistance Factor Design) code.
The beam is subjected to any type of vertical load and a moment at each end. This model
presents the equation of the objective function (minimum cost for structural design) and
its constraints consider the beams as compact profiles. Two numerical examples are ana-
lyzed, one for uniformly distributed load and the other for a concentrated load located in
the center of the beam; for each example, the same load is considered and also the mo-
ment at support A (left support), and the moment at support B (right support) varies its
value. Likewise, a comparison between the proposed model (variable section) and the cur-
rent model (constant section) is presented. The results show that variable section beams
are cheaper and lighter than constant section beams.

Keywords: Optimal design, Minimum cost, Straight haunches, I-cross section steel
beams, Uniformly distributed load, Concentrated load

1. Introduction. The optimal design of structures has been the subject of numerous
studies in the field of structural design. The goal of a designer is to develop an “optimal
solution” for structural design under certain considerations. An optimal solution generally
involves the most economical structure without impairing the functional purposes of the
structure’s service.

Generally, the best optimal design is that meets the project criteria. Typically, there
is some kind of objective function that can be calculated from the variables that define a
design.

Welded I-section beams are frequently used in the process of building steel frame struc-
tures. For this reason, special attention is paid to I-section steel beams works that present
theoretical and experimental analysis [1-7].

The optimal design of beams has aroused great interest from several researchers in recent
years. These studies are shown as follows. Ostwald et al. proposed the optimal design of
the simply supported beams for two I-sections shapes subjected to pure bending under
the criterion of cross-section area deflection of the beam [8]. Rahmanian et al. presented
a review for the optimal design of constant sections reinforced concrete beams under
the criterion of minimum cost or weight [9]. Erdal presented the optimal design for two
types of open web beams with hexagonal openings (castellated beams) and with circular
openings (cellular beams) under the criterion of minimum weights [10]. Erdal studied the
effect of reinforcements on failure analysis for the optimal design of perforated steel beams
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taking account of the (BS 5950) code [11]. Alekseytsev and Ali proposed an approach for
the optimization of welded hybrid I-section beams based on the modification of the particle
swarm method, and this is carried out by a search for a solution on discrete variable
parameters, which take the size of the steel sheets rolled and steel grades [12]. Ho-Huu
et al. developed a procedure for the optimal design of composite laminated lightweight
beams combining the finite element method and a global optimization algorithm called
Jaya [13]. Ozbasaran and Yilmaz presented the optimization in the shape of the doubly
symmetric tapered wing and/or web of the I-beams and analyzed the contribution of the
flange and/or web taper and the location of the inflection point to the economic design
[14]. Bolideh et al. used the teaching-learning-based optimization algorithm to present
an approach to design a multidimensional continuous reinforced concrete beam applying
the constraints proposed by the (ACI318-14) code [15]. Talaslioglu proposed an optimal
design of tubular lattice beams to minimize the total weight and joint displacement,
and maximize load capacity in accordance with API RP2A-LRFD design codes [16].
Talaslioglu estimated the optimal design of geometrically nonlinear lattice beams using
the member and joint related design constraints [17]. Su et al. investigated an optimal
path for logistics distribution of fresh products under a new retail mode [18].

Some mathematical models have been investigated for rectangular section reinforced
concrete beams with parabolic and straight haunches for a uniformly distributed load
and for a concentrated load located at any point on the beam [19-24], and for steel I-
section beams with straight haunches have been investigated for a uniformly distributed
load and for a concentrated load located at any point on the beam [25,26]. However, these
works present only the fixed-end moments, the carry-over factors and the stiffness factors
used in the structural analysis.

The recently published works on the topic of optimal cost design of rectangular section
reinforced concrete beams with straight haunches by Luévanos-Rojas et al. [27], and with
parabolic haunches by Garcia-Canales et al. [28], and for T-section reinforced concrete
beams with straight haunches by Lépez-Chavarria et al. [29] can be referred to.

Therefore, the state of the art review clearly shows that there is no close relationship
to the topic for optimal design or minimum cost for I-section steel beams with straight
haunches that is addressed in this document.

This research paper shows an optimal model for I-section steel beams of three welded
plates with straight haunches (General case) for the optimal design or minimum cost that
takes into account the equations provided by the LRFD (Load and Resistance Factor
Design) code [30]. The beam is subjected to any type of vertical load and a moment
at each end. This model presents the equation of the objective function (minimum cost
for structural design) and its constraints consider the beams as compact profiles. Two
numerical examples are analyzed, one for uniformly distributed load (unsupported length
in negative moment zone and supported length in the positive momentum zone) and
the other for concentrated load located in the center of the span (length supported in the
center of the span where the concentrated load is located); for each example the same load
is considered and the moment at support A (left support), and the moment at support B
(right support) varies its value. For each example four cases are presented and each case
shows six types. A comparison between the new model (variable section) and the current
design (constant section) is also presented. The results show that variable section beams
are cheaper and lighter than constant section beams.

The paper is organized as follows. Section 2 describes the formulation of the optimal
model according to the equations provided by the LRFD (Load and Resistance Factor
Design) code [30]. Subsection 2.1 shows the general principles of the I-section steel beams.
Subsection 2.2 presents the equations of the mathematical model for the I-section steel
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beams of three welded plates with straight haunches. Section 3 presents the numerical
problems. Subsection 3.1 shows the numerical example 1 for uniformly distributed load.
Subsection 3.2 presents the numerical example 2 for concentrated load. Section 4 shows
the results. Section 5 presents the conclusions to complete the paper.

2. Formulation of the Optimal Model. The main contributions by other researchers
on the optimal design are for reinforced concrete beams with straight and parabolic
haunches, and for I-sections of constant sections. This paper shows an optimal design
for I-section steel beams of three welded plates with straight haunches, which is the main
contribution of this document.

2.1. General principles. Figure 1 presents a beam of cross I-section with straight
haunches subjected to any type of vertical load (uniformly distributed, triangular, con-
centrated load), and at a moment at each end, these are obtained from the structural
analysis.

>z
D,

‘R

FIGURE 1. Any type of load for I-section steel beams with straight haunches

Reactions “R4 and Rp” in their respective supports are obtained by sum of moments
in one of the supports, and subsequently by sum of static forces the other reaction is
obtained. The moment equation “M,” at a distance “x” is generated from support A
to obtain: The maximum positive moment “My,.,” is obtained by deriving “M,” with
respect to “z” (dM,/dx) and this equation is made equal to zero to find the position of
the maximum moment “z..,.”, and subsequently, “x,.,~ is substituted in the equation for
“M,” to obtain the maximum positive moment “M,,,,”. Distance “L;” is the inflection
point from support A and distance “Ls” is the inflection point from support B which are
obtained by setting the equation of “M,” to zero. “L,” is the horizontal distance of the
beam from support A to the constant section (left haunches), and “L.” is the horizontal
distance of the beam from support B to the constant section (right haunches).

The basic equations for the design according to the code are (LRFD 2009).

The moment for compact profiles is obtained:

M, =M, =F,Z <1.5M, (1)
Mu = gben

where M,, is the nominal moment, M, is the plastic moment, M, is the yield moment,
M, is the ultimate moment, F), is the yield stress, Z is the plastic section modulus of the
cross section, ¢y is the bending resistance factor and accounting to the code (LRFD 2009)
it is 0.90.

For the sections to be compact, the width to thickness ratios of the flanges and height
to thickness of the webs of sections I and C are limited to the following maximum values,
taken from Table B51 of the code (LRFD 2009).
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For the flange:

b | E
— < 0.38; | — (2)
tf Fy
For the web:
d FE
— < 3.76, | —
P 3.7 F) (3)

When the unsupported length L; of the beam is L, < L,, it is considered that the beam
has total lateral support and therefore its bending capacity is M,, = M,. The parameter

L, is obtained:
| B
L, =1.74r, Fy (4)

where 7, is the minimum radius of gyration.
For the shear of compact profiles:

V. = 0.6F,A,
where V, is the ultimate shear, V,, is the nominal shear, ¢, is the resistance factor (shear
is 0.90), d is the height of the web, t,, is the thickness of the web, A, is the area of the

web, E is the modulus of elasticity of the material (structural steel is 199.95 GPa).
The properties of an I-section are

tuwds’
Zy = tyby(ds +15) + (6)
. 2tpbs” + dyty,” ")
YN 12(2t 5 + td,)
Ay = tud, (8)

where Z, is the plastic section modulus around the X axis, t; is the thickness of the
flange, by is the width of the flange, d, is the total height of the web at a distance “z”.

2.2. Mathematical model. Figure 2 shows the geometric properties for an I-section

beam to observe the dimensions in general.

FIGURE 2. Geometric properties for an I-section beam with straight haunches

oy
yk 5|1 “*‘

The equation of the total cost for a steel beam with straight haunches C} is presented
in terms of the cost of steel per unit volume Cy. The total cost of the I-section steel beam
is

C, = C,V, (9)

where V; is steel volume.



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.19, NO.5, 2023 1491

The volume of steel is

%::qm{%Aﬁ+0@—d?+2L—La—Lf+¢L3+Qh—ﬁﬂ
+ ty {—(d“ _Qd)L“ +dL + {de—d)L. _2d)LC} (10)

Substituting Equation (10) into Equation (9) the general equation of the total cost of
steel is obtained (Objective function):

C, = C, {tfbf {\/L(ﬁ - (da— d)? + 2L — Ly — Lo+ /L + (de — d)Q}

+ ty {—(da —2d)La ap 4 = DL _Qd)LC} } (11)

The constraint functions in general for each section are obtained as follows. The first is
obtained by substituting Equation (6) into Equation (1). The second is obtained by sub-
stituting Equation (7) into Equation (4). The third is obtained by substituting Equation
(8) into Equation (5). The fourth is obtained using Equation (4).

For support A

B < tibp(d, + t) t“’d“2 (12)
¢bF 7bs( 7)
2tpbs” + doty,”
Ly <1.74 13
! \/ F, \/12 (2t b + t,d,) (13)
uA S ¢U0-6Fytwda (14)

d, F
— < 3.764 | — 15
<30 5 (15)

where M, 4p is the factored moment that occurs at support A, V, 4 is the factored shear
force that occurs at support A.
For the central part

Mumax ’ll)d2
< tbp(d +ty) 16
oF, = (d+ty) (16)
2tpbs” + dt,”
Ly < 1.74 1
S 17 \| £, \/12 (2t by + tyd) (17)
Viar Vae < $50.6Fytpd (18)

d | E
<376, 1
3.7 7 (19)

where M, .y is the positive maximum factored moment, V,, and V,. are the factored
shear forces located in section changes.
For support B

MuBA twdc2
< t¢b d —l—t
(bbF f f f

2t7bs” 4 detyy
Ly <1. 41/ 21
2= LT \/122tfbf+td) (21)
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Vg < ¢,0.6Ft,d,. (22)

d, | E
fe <376,/ = 2
;<376 7 (23)

where M, g4 is the factored moment that occurs at support B, V,p is the factored shear
force that occurs at support B.
For three intervals, Equation (2) is used:

b E
<038 [ = (24)
ty Ey

The results should be assumed non-negative.

3. Numerical Problems. Two numerical examples are presented to verify the proposed
model. Each example is developed for four different cases.

1) Case 1 considers L, = Ly and L. = Lo, i.e., the inflection points coincide with the
section changes.

2) Case 2 takes into account L, = L. = L/4.

3) Case 3 considers L, = L. > Ly, L.

4) Case 4 takes into account that the section is constant. The data for the two examples
are I/ = 199.95 GPa, I, = 248 MPa.

Case 1 is the ideal case because the section changes and it is where the inflection points
occur or it changes from negative to positive moment and from positive to negative.
Cases 2 and 3 are presented for aesthetic reasons because L, = L.. Case 4 is shown to
observe the advantages of the beams with straight haunches over the beams with constant
sections.

3.1. Example 1. Design an I-section beam with straight haunches subjected to a uni-
formly distributed load. Figure 3 shows the diagram of shear forces and moments in
general for a beam subjected to a uniformly distributed load and a moment at each
end. The unsupported length of the beam flange in the region for negative moment is
considered equal to the length of the negative moment because the compression flange is
completely free at the bottom of the beam, and the beam is fully laterally supported by
the slab in the region of positive moment, because the compression flange is at the top of
the beam.

The basic data are L = 12.00 m, w, = 60 kN/m, M,4p = —1000 kN-m, M,p4 = 0
(type 1), 0.2Myuap (type 2), 0.4M,ap (type 3), 0.6 M, ap (type 4), 0.8 M, ap (type 5),
M,ap (type 6).

Table 1 shows the results obtained from the diagram of shear forces and moments (see
Figure 3).

The constraints imposed on the decision variables are 0 < by, 0 < d,, 10 < d, 0 < d,,
1.27 <ty, 1.27 < £y,

Now, substituting this information in Equations (11) to (24) the objective function and
the constraint functions are obtained.

The optimal solution is obtained using MAPLE-15 software.

Tables 2, 3, 4 and 5 show the optimal solution for cases 1, 2, 3 and 4.

3.2. Example 2. Design an I-section beam with straight haunches subjected to a con-
centrated load. Figure 4 shows the diagram of shear forces and moments in general
for a beam subjected to a concentrated load located in the center of the beam and a
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FIGURE 3. Beam subjected to a uniformly distributed load with straight haunches

TABLE 1. Example 1

T MuBA VuAB Vul Vua Vu2 Vuc VuBA Lmax Mumax Ll L2
YP (kN-m) | (kN) | (kN) | (kN) | (kN) | (kN) | (kN) | (m) | (kN-m) | (m) | (m)
1 0 443.331276.53 1263.33|276.67 | 96.67 |276.67|7.39 | 637.85 |2.7810.00
2 —200 [426.671249.07|246.67|248.93|113.331293.33| 7.11 | 517.06 |2.96|0.74
3 —400 [410.001]219.20(230.00(219.40|130.00{310.00|6.83 | 400.83 [3.18|1.51
4 —600 [393.33]186.331213.33|186.27|146.67|326.67| 6.56 | 289.24 |3.45|2.34
5 —&800 |376.67|148.071196.67|147.731163.33(343.33|6.27 | 182.34 |3.81|3.26
6 —1000 |360.00| 97.80 | 180.00| 97.80 |180.00]360.006.00| 80.00 (4.37|4.37

where V,,, is the shear force at L, = L/4 = 3.00 m, V,,. is the shear force at L. = L/4 = 3.00 m.

TABLE 2. Case 1: L, = L; and L. = Lo

Type

(cm)

ty
(cm)

tw L, | L.
(cm) | (m) | (m)

da
(cm)

d
(cm)

dc
(cm)

C

24.90

2.31

1.27 1 2.78 1 0.00

57.43

39.01

39.01

0.201C%

25.89

2.40

1.27 12,96 | 0.74

54.54

30.23

17.25

0.199C;

27.09

2.51

1.27 1 3.18 | 1.51

51.15

21.70

21.65

0.202C%

28.57

2.65

1.27 1 3.45 | 2.34

47.21

13.69

29.28

0.212C,

30.57

2.83

1.27 | 3.81 | 3.26

42.33

10.00

34.25

0.236C

O OV = W DN

33.75

3.13

1.27 | 4.37 | 4.37

35.52

10.00

35.52

0.283C
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TABLE 3. Case 2: L, = L/4, L, = L/4 and d, = d.

T by | t; | tw | Lo | Le | do | d | d. c
YPEL (em) | (em) | (em) | (m) | (m) | (em) | (cm) | (cm) !
1 24.90 | 2.31 | 1.27 [ 3.00 | 3.00 | 57.43 | 39.01 | 57.43 | 0.202C
25.89 | 2.40 | 1.27 [ 3.00 | 3.00 | 54.54 | 30.23 | 54.54 | 0.204C
27.09 | 2.51 | 1.27 | 3.00 | 3.00 | 51.15 | 21.70 | 51.15 | 0.208C
28.57 | 2.65 | 1.27 | 3.00 | 3.00 | 47.21 | 13.69 | 47.21 | 0.216C
30.57 | 2.83 | 1.27 | 3.00 | 3.00 | 42.33 [ 11.56 | 42.33 | 0.237C,
33.75 | 3.13 | 1.27 [ 3.00 | 3.00 | 35.52 | 10.58 | 35.52 | 0.279C

O O = W N

TABLE 4. Case 3: L, = L. > Li,Ls and d, = d.

T by ty tw | Lo | Le | dg d de C
ype (cm) | (cm) | (cm) | (m) | (m) | (em) | (cm) | (cm) !

1 2490 | 2.31 | 1.27 | 2.78 | 2.78 | 57.43 | 39.01 | 57.43 | 0.202C;
25.89 | 2.40 | 1.27 [ 2.96 | 2.96 | 54.54 | 30.23 | 54.54 | 0.204C;,
27.09 | 2.51 | 1.27 | 3.18 | 3.18 | 51.15 | 21.70 | 51.15 | 0.208C
28.57 | 2.65 | 1.27 | 3.45 | 3.45 | 47.21 | 13.69 | 47.21 | 0.216C
30.57 | 2.83 | 1.27 | 3.81 | 3.81 | 42.33 | 10.00 | 42.33 | 0.239C
33.75 | 3.13 | 1.27 | 4.37 | 4.37 | 35.52 | 10.00 | 35.52 | 0.283C

O O = W N

TABLE 5. Case 4: L,=L.=0and d, =d =d,

T by |ty [ tw | Lo | Lo | da d d. c
P (em) | (em) | (em) | (m) | (m) | (cm) | (em) | (cm) t
1 24.90 | 2.31 | 1.27 | 0.00 | 0.00 | 57.43 | 57.43 | 57.43 | 0.225C)
25.89 | 2.40 | 1.27 | 0.00 | 0.00 | 54.54 | 54.54 | 54.54 | 0.232C
27.09| 2.51 | 1.27 [ 0.00| 0.00 | 51.15 | 51.15| 51.15 | 0.241C,
28.57 | 2.65 | 1.27 [ 0.00 | 0.00 | 47.21 | 47.21 | 47.21 | 0.254C,
30.57 | 2.83 | 1.27 [ 0.00 | 0.00 | 42.33 | 42.33 | 42.33 | 0.272C,
33.75| 3.13 | 1.27 | 0.00 | 0.00 | 35.52 | 35.52 | 35.52 | 0.307C,

O O = W DN

moment at each end. The beam has a lateral support in the center of the beam, where
the concentrated load is located.

The basic data are L = 12.00 m, P, = 50 kN, M, a5 = —1000 kN-m, M54 = 0 (type
1), 0.2M,ap (type 2), 0.4M,ap (type 3), 0.6 M, ap (type 4), 0.8 Myap (type 5), Myan
(type 6).

Table 6 shows the results obtained from the diagram of shear forces and moments (see
Figure 4).

The constraints imposed on the decision variables are 0 < b, 0 < d,, 0 < d, 0 < d,
1.27 <y, 1.27 < t,,.

Now, substituting this information in Equations (11) to (24) the objective function and
the constraint functions are obtained.

The optimal solution is obtained using MAPLE-15 software.

Tables 7, 8, 9 and 10 show the optimal solution for cases 1, 2, 3 and 4.

4. Results. Example 1 (Tables 2 to 5) shows the following. For all cases of the 6 types,
the same values are presented for by, tf, d,, t,, d (except in case 2 of types 5 and 6
because the shears are greater than those that occur at the inflection points, and case 4
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FIGURE 4. Beam subjected to a concentrated load with straight haunches

TABLE 6. Example 2

1495

T MuBA VuAB Vul Vua Vu2 Vuc VuBA Tmax Mumax Ll L2
YPEL (kN-m)| (kN) | (kN) | (kN) | (kN) | (kN) | (kN) | (m) | (kN-m)| (m) | (m)
1 0 |333.33]333.33[333.33|166.67 | 166.67 | 166.67 | 6.00 | 999.98 [3.00| 0
2 | —200 |316.67|316.67|316.67 | 183.33|183.33|183.33] 6.00 | 900.02 | 3.16 | 1.09
3 | —400 | 300 | 300 | 300 | 200 | 200 | 200 |6.00 | 800.00 |3.33]2.00
4 | —600 |283.33[283.33]283.33(216.67 | 216.67|216.67| 6.00 | 699.98 |3.53|2.77
5 | —800 |266.67|266.67|266.67 |233.33|233.33]233.33] 6.00 | 600.02 | 3.75 | 3.43
6 | —1000 | 250 | 250 | 250 | 250 | 250 | 250 |6.00| 500.00 |4.004.00

TABLE 7. Case 1: L, = L; and L. = L,
by | t; | tw | Lo | Lo | da | d | de
TYPC | (em) | (cm) | (cm) | () | (m) | (em) | (cm) | (em) | C*
1 43.60 | 4.04 | 1.27 | 3.00| 0 |20.62]|20.62|20.62 | 0.454C
2 36.71 | 3.40 | 1.27 [ 3.16 | 1.09 | 30.15 | 27.02 | 10.78 | 0.341C,
3 | 3115 2.80 | 1.27 | 3.33 [ 2.00 | 41.01 | 33.11 | 16.13 | 0.266C,
4 12901269 | 1.27 | 3.53 | 2.77 | 46.09 | 33.06 | 28.47 | 0.240C,
5 30.24 | 2.80 | 1.27 [ 3.75 | 3.43 | 43.11 | 26.33 | 34.93 | 0.249C,
6 | 31.64 293 | 1.27 | 4.00 | 4.00 | 39.91 | 19.86 | 39.91 | 0.263C,
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TABLE 8. Case 2: L, = L/4, L, = L/4 and d, = d.

T by | t; | tw | Lo | Le | do | d | d. c
YPEL (em) | (em) | (em) | (m) | (m) | (em) | (cm) | (cm) !
1 43.60 | 4.04 | 1.27 | 3.00 | 3.00 | 20.62 | 20.62 | 20.62 | 0.454C
36.71 | 3.40 | 1.27 [ 3.00 | 3.00 | 30.15 | 27.02 | 30.15 | 0.342C,
31.15 | 2.89 | 1.27 [ 3.00 | 3.00 | 41.01 | 33.11 | 41.01 | 0.269C
29.01 | 2.69 | 1.27 | 3.00 | 3.00 | 46.09 | 33.06 | 46.09 | 0.243C)
30.24 | 2.80 | 1.27 [ 3.00 | 3.00 | 43.11 | 26.33 | 43.11 | 0.250C;
31.64 | 2.93 | 1.27 [ 3.00 | 3.00 | 39.91 | 19.86 | 39.91 | 0.261C

O O = W N

TABLE 9. Case 3: L, = L. > Ly, Ly and d, = d.

T by ty tw | Lo | Le | dg d de C
ype (cm) | (cm) | (cm) | (m) | (m) | (em) | (cm) | (cm) !

1 43.60 | 4.04 | 1.27 | 3.00 | 3.00 | 20.62 | 20.62 | 20.62 | 0.454C)
36.71 | 3.40 | 1.27 | 3.16 | 3.16 | 30.15 | 27.02 | 30.15 | 0.342C;
31.15| 2.89 | 1.27 | 3.33 | 3.33 | 41.01 | 33.11 | 41.01 | 0.270C;
29.01 | 2.69 | 1.27 | 3.53 | 3.53 | 46.09 | 33.06 | 46.09 | 0.244C,
30.24 | 2.80 | 1.27 | 3.75 | 3.75 | 43.11 | 26.33 | 43.11 | 0.252C;
31.64 | 2.93 | 1.27 | 4.00 | 4.00 | 39.91 | 19.86 | 39.91 | 0.263C

O O = W DN

TABLE 10. Case 4: L,=L.=0and d, =d = d.

T bf ty tw L, L. d, d d, C
P (em) | (em) | (em) | (m) | (m) | (cm) | (em) | (cm) '
1 43.60 | 4.04 | 1.27 | 0.00 | 0.00 | 20.62 | 20.62 | 20.62 | 0.454C
36.711| 3.40 | 1.27 [ 0.00| 0.00 | 30.15 | 30.15 | 30.15 | 0.346C,
31.15| 2.89 | 1.27 [ 0.00| 0.00 | 41.01 | 41.01 | 41.01 | 0.279C,
29.01 | 2.69 | 1.27 [ 0.00 | 0.00 | 46.09 | 46.09 | 46.09 | 0.258C,
30.24 | 2.80 | 1.27 [ 0.00| 0.00 | 43.11 | 43.11 | 43.11 | 0.269C,
31.64| 293 | 1.27 [ 0.00| 0.00 | 39.91 | 39.91 | 39.91 | 0.283C,

O OV = W DN

because the section is constant), d. (except in case 1 because the length of the haunches
coincide with the inflection points). When the moment at support B “Mp4” increases,
Cy increases for all four cases (except in case 1 and type 1 because the inflection point
coincides with support B, and d. = d).

Example 2 (Tables 7 to 10) shows the following. For all the cases of the 6 types, the
same values are presented for by, ts, d,, t,, d (except in case 4 because the section is
constant), d. (except in case 1 because the length of the haunches coincide with the
inflection points). When the moment at support B “Mp,” increases, C; decreases until
type 4 and from this type it increases for the four cases (because the flange thickness
increases).

Figures 5 and 6 show the comparison between the volumes of the I-section beams with
straight haunches of the two examples.

Figure 5 shows the following. The smallest volume is presented in case 1 for the 6 types
(except in type 6, the smallest volume is found in case 2 because the values of L, and
L. are less than cases 1 and 3). The savings for each type with respect to the constant
section (case 4) are 11.94% for type 1 (case 1), 16.58% for type 2 (case 1), 19.31% for
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FIGURE 6. Comparison for example 2 (Concentrated load)

type 3 (case 1), 19.81% for type 4 (case 1), 15.25% for type 5 (case 1), 10.04% for type 6

(case 2).

Figure 6 shows the following. The smallest volume is presented in case 1 for the 6 types
(except in type 6, the smallest volume is found in case 2 because the values of L, and L,
are less than cases 1 and 3). Type 1 has a constant section, because the negative moment
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at support A is practically the same as the positive moment and the negative moment at
support B is zero. The savings for each type with respect to the constant section (case
4) are 0% for type 1 (case 1 to 3), 1.47% for type 2 (case 1), 4.89% for type 3 (case 1),
7.50% for type 4 (case 1), 8.03% for type 5 (case 1), 8.43% for type 6 (case 2).

5. Conclusions. The document presented in this work shows an optimal model for I-
section steel beams with straight haunches (non-prismatic beams) for the optimal design
or minimum cost that takes into account the equations provided by the LRFD (Load and
Resistance Factor Design) code (LRFD 2009).

This work presents two practical numerical examples of the new model. Example 1
is developed under the following information: L = 12.00 m, w, = 60 kN/m, M, a5 =
—1000 kN-m, M,pa = 0 (type 1), 0.2M,ap (type 2), 0.4M,ap (type 3), 0.6 M, a5 (type
4), 0.8 Myap (type 5), Myap (type 6). Example 2 is designed under the following data:
L = 12.00 m, P, = 50 kN located in L/2, M,ap = —1000 kN-m, M,p4 = 0 (type 1),
0.2Myap (type 2), 0.4Myap (type 3), 0.6 My ap (type 4), 0.8 M ap (type 5), Myap (type
6). The thickness of the web ¢, and the flange thicknesses ¢; are limited to 1.27 cm.

The main findings are the following.

The I-section steel beams with straight haunches are cheaper and have lower weight
compared to constant I-section steel beams, because they have less volume of steel (see
Figures 5 and 6).

Another advantage of I-section steel beams with straight haunches over constant sec-
tion is the following. If the I-section steel beams with straight haunches are lighter than
constant section beams, the structural members that support beams such as columns and
footings can be more economical and have greater savings in materials.

The model presented can be adapted to optimize simply supported steel beams taking
into account the critical moments and shear forces that occur in the intervals of 0 < x <
L/4 and 3L/4 < x < L, to obtain smaller sections near the supports.

The following or future investigations can be the following:

1) Optimal design of I-section steel beams with parabolic haunches (non-prismatic
beams);

2) Optimal design of steel beams with straight or parabolic haunches for other cross
sections such as “I”, “C” and “L”;

3) Optimal design of the complete frame taking into account the beams, slabs, columns
and footings.
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