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ABSTRACT

The paper deals with the optimization of a timber hall structure, designed from timber portal frames,
which are connected to steel purlins, rails and fagade columns. While the portal frames are made of the
glued laminated timber with the rectangular cross-sections, purlins, rails and fagade columns are
designed from steel I sections. The portal frames are supported by concrete square pad foundations.
The optimization of the hall structure is performed by the mixed-integer non-linear programming
(MINLP). The optimization model of the hall structure is developed. The objective function defines the
material costs of the structure. The objective function is subjected to structural analysis and
dimensioning constraints, which are defined according to Eurocode standards. The Modified Outer-
Approximation/Equality-Relaxation algorithm (OA/ER) and the linked multi-level strategy are applied.
With the optimization, the minimal material costs of the structure are obtained, the optimal number of
glulam frames and steel members and all standard/discrete cross-sections. A numerical example at the
end of the paper shows the efficiency of the proposed optimization approach.

Keywords: cost optimization, structural optimization, timber hall, glulam hall, timber structures, steel
structures, mixed-integer non-linear programming, MINLP.

1 INTRODUCTION

As aresult of significant advances in the field of optimization of timber structures, a number
of different search techniques and efficient solution algorithms have been developed and
successfully applied. For example, Topping and Robinson [1] illustrated how the technique
of sequential linear programming can be used to the optimization of timber framed structures.
Kaziolasa et al. [2] introduced the cost minimization of timber structural elements by means
of genetic algorithms and simulated annealing. An economic design optimization of cross
laminated timber plate with stiffening ribs was demonstrated by Stani¢ et al. [3] with the help
of a gradient optimization. The contribution of Pech et al. [4] shows the optimization of glued
laminated timber beams using metaheuristic algorithms. Jelu$i¢ and Kravanja [5] applied the
mixed-integer non-linear programming to the optimization of a composite floor system, built
up from a concrete slab and timber beams. Jelusi¢ [6] also presented the parametric cost
optimization of a double tapered glulam beam, performed by the mixed-integer non-linear
programming.

This paper presents the optimization of a timber hall structure, designed from equal timber
main portal frames, which are connected to steel purlins and rails. The fagade columns are in
addition constructed in the front and rear fagades. While the main frames are made of the
glued laminated timber with the rectangular cross-sections, purlins, rails and fagade columns
are designed from steel I sections. Columns of the portal frames are supported by concrete
pad foundations. This research represents a continuation to our former work of the
optimization of single-storey steel buildings [7]-[9].

The optimization of timber hall comprises the optimization of the structure’s material
costs, which also includes the optimization of a number of the main frames, purlins, rails and
fagade columns. The optimal cross-sections of timber columns and beams of the main portal
frames as well as the optimal steel sections of steel elements should also be obtained.

This simultaneous cost, topology and sizing optimization of the hall structure is a
combined discrete and continuous type of optimization. It is proposed to be calculated with
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the mixed-integer non-linear programming, MINLP. The MINLP requires the development
of the optimization model of the structure. It handles discrete and binary variables. The
discrete variables are used for the calculation of the structure topology, the rounded
dimensions of timber sections and square pad foundations, and for choosing the standard I
sections of steel elements. The continuous variables are employed to determine the structure
costs, loads, loadings, resistances, stresses and deflections. In the MINLP optimization
model, the objective function of the material costs of the structure is subjected to (in)equality
constraints of the design, resistance and deflection requirements for structural elements. The
objective function comprises the material costs of the glued laminated timber for portal
frames, the prices of steel I sections for steel elements and the prices of concrete for the
foundations. The design, resistance and deflection constraints are defined in accordance with
Eurocode 2 for concrete structure [10], Eurocode 3 for steel structure [11] and Eurocode 5
for timber structure [12].

The defined MINLP optimization problem is solved with the Modified Outer-
Approximation/Equality-Relaxation algorithm (OA/ER) by Kravanja and Grossmann [13],
which was adapted for solving engineering structures [14], [15]. Since the combinatorics of
the discrete optimization problem is relatively high, the linked multi-level strategy [16] is
applied to accelerate the convergence of the algorithm.

2 TIMBER HALL STRUCTURE

The structure of the timber hall is consisted of several equal timber portal frames, which are
mutually connected with steel purlins and rails (Fig. 1). The timber portal frames are made
of glued laminated timber columns and pitched beams of rectangular cross-sections. Since
the frames are made of timber and thus have no fully rigid connections, in calculations they
are treated as sway frames. The columns are supported by square pad foundations. While
purlins and rails are made of hot rolled steel IPE sections, the facade columns are designed
from HEA sections. Steel members support the roof and fagade claddings.

Figure 1: Timber hall structure.

The timber frame structure is subjected to permanent load g and variable load g. The
permanent load comprises the self-weight of structure g, the weight of the roof and the weight
of the facade cladding. The variable load includes the uniformly distributed loads of snow s
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wind w. The design load on the frame is calculated as a combination of the mentioned actions
according to eqn (1)

Qea =Yg g +Vq S+Vg Yo w, (1

where y, represents a partial factor for permanent actions (1.35 for ultimate limit state and
1.0 for serviceability state), yq stands for a partial factor for variable actions (1.50 for ultimate
limit state and 1.0 for serviceability state) and v is a factor for the frequent value of a variable
action (0.6 for snow). The portal frame is also subjected to a horizontal wind wner, which as
a concentrated force acts on the frame. All actions on the structural elements are in the
optimization process automatically calculated taking into account the obtained distances
between the elements.

Dimensioning equations of the glued laminated timber portal frame are defined in
accordance to Eurocode 5. These equations comprise the cross-sections’ resistances of
columns and beams for axial compression force, bending moment, shear force and for the
combined effect of compression and bending.

In this way, the design compressive stress oy s in the timber cross-sections must be
smaller or equal to the design compressive strength £ ; (eqns (2) and (3)). In eqn (3), Nga is
the design axial compress force, A is the cross-section area, kuoq represents a modification
factor taking into account the effect of the duration of load and moisture content, f 4 stands
for a characteristics compressive strength of glued laminated timber and y,, is a partial factor
for material properties

Ocoa < foom (@)
Ngq fc,og,k
A < kmod ' M (3)

The design bending stress about y axis gy, ,, 4 should be smaller or equal to the design
bending strength £, , ; (eqns (4) and (5)). My, g4 is the design bending moment about y axis,
W, is the section modulus about y axis and fr, 4, is a characteristics bending strength of
glued laminated timber

Um,y,d < fl‘n,y,da (4)
MyEd fmgk

<k : . 5

wy mod YM ( )

The design shear stress 7, has be equal or smaller than the design shear strength £, ; (eqns
(6)—(8)) where Vg, is the design shear force, b and /4 stand for width and height/depth of the
cross-section, f;, g represents a characteristics shear strength of glued laminated timber and
k., denotes a factor which takes into account cracking of the timber

1y < £y ©)

E i VEd . fu,g,k

2 bef'h < mod M y (7)
ber = kep b ()

The combined effect of axial compression and bending is checked according to eqn (9),
where £, is a factor which makes allowance for re-distribution of stresses and the effect of
inhomogeneities of the material in a cross-section
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2 M
(NEd/A) s yEd/ W, 10, o
m f,

fC,O,d ‘my,d

Columns and beams of the portal frames are also checked for the compress buckling
resistance, lateral torsional stability and for the combined effect of compress buckling and
lateral torsion. The compress buckling resistance of the elements is checked twice: for the
buckling about y axis (in the frame plane) and for the buckling about z axis. See eqns (10)
and (11), where k. is an instability factor

0coa < Ke'foom (10
N fc, 8
—£d < kc-kmad-#gk. (11)

The combined effect between the compress buckling and bending is defined by eqns (12)
and (13). While eqn (12) comprises the compress buckling about y axis, eqn (13) includes
buckling about z axis

My Ed
NEd/A V. / 7wy
P ko - < 1.0, (12)
¢y 160,d
M
NEd/ y'Ed/W
A y
—4+ k, —=<1.0.
kezfo,d fmy.d

(13)

Lateral torsional stability is checked by eqns (14) and (15), where k., is a factor which
takes into account the reduction bending strength due to lateral buckling

Omy,d < kerie 'fm,y,da (14)

My,Ed fm,g,k- (15)

< kcrit'kmod '

Wy
The combined effect between the compress buckling and the lateral torsional buckling is

defined by eqns (16) and (17). Eqn (16) defines the combination with the compress buckling
about y axis and eqn (17) includes buckling about z axis

M 2
Nga/ y'Ed/W
4 2] <1.0 16
kc,y 'fL)O,d + (kcrit'fm,y,d - i ( )
NEa/ MyEa /W z
4 2] <1.0. 17
kez1co,d * (kcm'fm,y,d> - 17

In the apex zone, checked are the bending stresses o, ; and the greatest tensile stresses
Ot 90,4 Perpendicular to the grain. The bending stresses are calculated according to eqn (18)
and (19). While factor k,is dependent on the angle, depth and radius in the apex zone, factor
k- takes into account the strength reduction due to bending of the laminates during production

Um,d < fm,dv (18)
Mg fm, A
o G < e lemoa " (19)

WIT Transactions on The Built Environment, Vol 196, © 2020 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)




High Performance and Optimum Design of Structures and Materials IV 187

The greatest tensile stresses o; o9 4 perpendicular to the grain due to bending are checked
by eqns (20) and (21), k, is factor which takes into account the effect of the stress distribution
in the apex zone (is dependent on angle, depth and radius in the apex zone), ku; is 1.7 for
pitched chambered beams and k., is a volume factor, f; oo 4is the design tensile strength
perpendicular to the grain and f; o0 g, , characteristics tensile strength perpendicular to the
grain, Mg, 4 is a design moment at apex zone and W, is a section modulus of the apex zone

0t90,d < Kais " kvor * ft.90,a5 (20
Map,d fto0,9k
kp ’ Vs:p < kdis'kvol : kmod ' ;(:Wg . 21

The combined shear and tension perpendicular to grain is also checked (eqn (22))

Td 9t,90,d
fod + Kais kol fr,90,d = 10. (22)
Steel purlins, fagade rails and fagade columns are checked for axial resistance (eqn (23)),
shear resistance (eqn (24)), bending resistance (eqn (25)) and the compression buckling
resistance (eqn (26)), where f, represents the yield strength of steel, yup stands for the
resistance partial safety factor, 4, is the effective shear area of the cross-section, y denotes
the reduction factor due to the flexural buckling and yu; is the resistance partial safety
coefficient

Ngy <22, 23
Ed
YMmo
1 1
Vea < 4y \/—% o 24
Mgq <252, (25)
YMo
Af
M1

The combination between the compression and bending moment resistance of steel
elements is checked by eqn (27)

NEgq Mgq
<1.0. 27
A-fy/YMo + W-fy/ymo — 27)

The combination between the buckling and the lateral-torsional buckling resistance of
steel members is defined by eqn (28), where y;r represents the reduction factor due to the
lateral-torsional buckling

NEq MEga
< 1.0. 28
XAfylYm + XLTWefy/vym1 (28)
The bearing resistance in the ground under the reinforced concrete pad foundations is
checked by eqn (29), where Arand W stand for the surface area and the section modulus of
the foundation, respectively

o =2Ea 4 MEd  500kPa. (29)
Ar Wy
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Vertical deflections of timber and steel elements J,..« subjected to the overall load and
vertical deflections d, subjected to the snow are defined to be smaller than span/200 and
span/250, respectively. Horizontal deflections of the frame u are calculated to be smaller than
the frame height/150.

3 OPTIMIZATION
The optimization of the timber hall structure is performed with mixed-integer non-linear
programming, MINLP. It comprises the generation of an MINLP superstructure, the
development of an MINLP optimization model and the solution to the defined MINLP
problem.

The generation of the MINLP superstructure includes the definition of topological
alternatives, i.e. sets of different structure elements, from which the optimal numbers of
portal frames, purlins, rails and the fagade columns can be calculated in the topology
optimization process. The superstructure includes also different alternatives for rounding the
cross-section dimensions of the timber and concrete elements, and different alternatives of I
section for steel members.

The MINLP optimization model of the timber hall structure is modelled in GAMS
(General Algebraic Modelling System) environment [17]. The model comprises input data
(scalars and parameters), variables, the cost objective function and equality, and inequality
constraints. While input data include a global geometry of the hall, strengths of used
materials, material characteristics, cross-sectional characteristics and prices of timber, steel,
and concrete, variables include loads, resistances, stresses, deflections, cross-sectional
dimensions, steel I sections, and costs and masses of all members.

The objective function, which is subjected to (in)equality design and dimensioning
constraints, defines the material costs of the structure including costs of glued laminated
timber, steel (structural plus reinforcing steel) and concrete (eqn (30)). In the objective
function, V' represents the volumes of the materials used, p stands for a density of steel and ¢
denotes the prices for materials (for timber and concrete in €/m3, for steel in €/kg)

min z = Vtimb " Ctimp + (Vsteel + Vreinf,steel) " Psteel " Csteel + Vconcr *Cconcr- (30)

Equality and inequality constraints represent dimensioning constraints, introduced in the
former section, they define loads, internal forces, deflections, costs and masses of the timber
portal frames and steel members. The constraints comprise also equations for the calculation
of the optimal number of portal frames, purlins, rails and fagcade columns, they include
equations for choosing the optimal IPE and HEA sections of steel members and the equations
for rounding the dimensions of the timber cross-sections and pad foundations.

To each member of the hall structure, an extra binary 0-1 variable () is assigned. The
element is selected if its binary variable takes value one (y=1), otherwise it is removed from
the superstructure (y=0). For example, in order to obtain the optimal topology of the structure,
a set of 7, iel, alternative portal frames and their binary variables y;jume are defined. The
optimal number of portal frames Nsame is in the topology optimization calculated as the sum
of binary variables y; fiame, assigned to the frame alternatives (eqn (31)). The optimal numbers
of other elements (purlins, rails and fagade columns) are calculated in the same way

Nframe = Yier YVi,frame- (3D

Optimal steel I sections are calculated in the simultaneous standard dimension
optimization. For example, a set of j, jeJ, alternative hot rolled IPE sections Aj - to the
purlin is defined. To each different IPE section alternative, a special binary variable y; .- is
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assigned. The optimal cross-section area of the purlin A, is determined as a scalar
product between a vector of j standard cross-section area alternatives
q]-,,,,,,={A1,pur,Az_pur,A3_pur, A j'pur} and a vector of j associated binary variables
y,-,pur:{yl_pur,yzypur,y&pur, ...,yj‘pur} (eqn (32)). Only one standard cross-section area is
assigned to the purlin, because the sum of binary variables has to be equal to 1 (eqn (33)). In
a similar way, the optimal standard I sections of other steel elements and the optimal rounded
dimensions of timber and concrete cross-sections are calculated

Apur = Zje] q;jpurYjpurs (32)
Zje]Yj,pur =1 (33)

The defined MINLP optimization problem is solved with the Modified Outer-
Approximation/Equality-Relaxation algorithm, which includes a global convexity test. Since
the combinatorics of the discrete optimization problem is relatively high, the linked multi-
level strategy is applied to accelerate the convergence of the algorithm. The strategy starts
with the continuous optimization of the structure (the non-linear programming), which
represents a good starting point for the discrete optimization of the structural topology and
standard/discrete cross-sections.

4 NUMERICAL EXAMPLE

The paper presents the cost optimization of a 60 m long, 6.3 m high and 15 m wide (span)
timber hall structure. While the main portal frames are designed from glued laminated timber
GL36h; purlins, rails and fagade columns (in the front and rear fagades) are made of hot rolled
steel IPE sections from structural steel S 355. The structure is subjected to the self-weight,
snow s=1.0 kN/m? and horizontal wind w=0.5 kN/m?. The task of the optimization is to
calculate the optimal material costs of the structure, the optimal number of structure elements
(timber frames and steel members) and all cross-sections (rounded timber and concrete cross-
sectional dimensions and steel IPE sections).

Besides the defined global geometry and loads, input data include characteristics strengths
of glulam and steel, modules, densities, alternatives of the structure topology, IPE sections,
discrete dimensions, prices of materials, like: K;poq = 0.9, Yy = 1.25, k= 0.7, feogx = 31
MPa, f, gk =36 MPa, f,, 5, = 4.3 MPa, fi 90 41 = 0.6 MPa, E 495 = 11900 MPa, f,= 355
MPa, E = 210000 MPa (steel), primp = 540 kg/m?, psreer = 7850 kg/m>, poner = 2500 kg/m3,
Cimp = 800 €/m>, Coroer = 1 €/KE, Cooner = 100 €/ m3, etc.

The superstructure comprises 70 portal frames, 50 purlins, 20 rails, 18 different IPE
sections for purlins and rails separately, 24 different HEA sections for fagade columns, 136
different discrete dimensions for the rectangular timber cross-sections (with the step of
2.5 cm for width and depth separately) and 122 different discrete dimensions for the square
pad foundation (with the step of 2.5 cm). The combinatorics of the defined discrete
alternatives gives 4.9917-10'6 different structure alternatives. One is the optimal one.

The optimization model with all defined data is applied. The MINLP computer program
MipSyn [18] is used for the MINLP optimization. The Modified OA/ER and the linked multi-
level strategy are applied. GAMS/CONOPT (generalized reduced-gradient method) [19] is
used for continuous optimization and GAMS/CPLEX (branch and bound) [20] is employed
for the discrete optimization sub-problems.

The calculated optimal result represents the minimal structure’s material costs of
52,411 € (the selling price is about four times higher) and the optimal topology of 10 glulam
portal frame, 12 purlins, six rails and (2 x 11) facade columns in the front and rear facades
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(Fig. 2). The obtained optimal cross-sections include a glulam rectangular cross-section
200/1100 mm for columns and pitched beams of the main frames, IPE 200 for purlins and
rails, HEA 160 for the fagade columns and a square area of 1.625 x 1.625 m? for a single
metre deep pad foundations (Fig. 3).

1.30

5.00
6.30 ‘

Figure 2: Optimal topology of the hall structure (metres).

IPE 200

[1.30]

IPE 200

2x2.50
6.30

| 15.00 |

Figure 3: Optimal glulam and steel sections (metres).

5 CONCLUSIONS
The paper deals with the optimization of a hall structure, designed from timber portal frames,
which are connected to steel purlins, rails and fagade columns. The later are constructed in
the front and rear facades. While the portal frames are made of the glued laminated timber
with the rectangular cross-sections, purlins, rails and fagade columns are designed from steel
I sections. The portal frames are supported by concrete pad foundations. The optimization of
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the mixed glulam-steel structure is performed by the mixed-integer non-linear programming,
MINLP. The optimization model is developed. The objective function defines the material
costs of the structure. The objective function is subjected to structural analysis and
dimensioning constraints, which are defined according to Eurocode standards. The Modified
Outer-Approximation/Equality-Relaxation algorithm (OA/ER) and the linked multi-level
strategy are applied.

A numerical example at the end of the paper shows the efficiency of the proposed
optimization approach. In a single optimization procedure obtained are the minimal material
costs of the structure, the optimal number of glulam frames and steel members and all
standard/discrete cross-sections.
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