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Abstract 

Global warming and global scarcity of resources drive the need for optimization of industrial buildings. The 

construction industry is one of the most resource-intensive economic sectors and at the same time belongs 

to most of the man-made raw material storage. To contribute to a resource-efficient future in the 

construction sector, a multi-objective optimization (MOO) of the supporting structures can be created 

within the framework of the planning phase in which numerous case-studies are carried out. Due to the 

uniqueness of each construction project and the complex technical model data input, very few case-studies 

can be carried out in the phase of conservative planning. On this occasion, a generative tool for the 

parametric optimization of industrial timber-specific supporting structures has been created within the 

scope of this paper. A novel optimization approach used in this work represents the concept of MOO based 

on the parametric structural modelling. Due to the above-mentioned aspects, the developed tool has been 

named "MOPTS" (Multi-objective optimization of timber structures). As part of the research presented in this 

paper, a test case was carried out on an already built-up object. It was demonstrated that by MOPTS tool 

assisted structural planning almost 5 tons of timber material were saved also by using fewer bearing 

elements. 
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1. Introduction 

The quest towards material savings, efficient planning and sustainability is becoming increasingly important 

in the construction industry. The emphasis of this undertaking in the future must not be limited to rare 

megastructures, but also to simple common structural parts and elements in civil engineering. In fact, the 

latter represent the bulk of material consumption in the construction sector [1]. Due to the uniqueness and 

complexity of each construction project, very few case-studies can typically be carried out during a 

conservative planning phase, a constraint which often leads to inefficient constructions. Also current 

powerful modelling and analysis tools don´t allow designers to integrate structural performance as an objective 

during conceptual design [2]. On the other side, more and more developers try to implement optimization 

tools into their software, such as [3] and [4]. However, their functionality is often limited due to inability of 

defining optimization parameters and targets freely and depending on the situation. Additionally, many 

traditional optimization methods have seen only limited application in the conceptual design of buildings, despite 
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the emphasis contemporary designers place on building performance [5]. Integrating generative processes of 

parametric modelling and the approach of multi-objective optimization (MOO) in the structural planning 

allows for overcoming this limitation.  

In more detail, a parametric optimization tool for industrial timber structures named “MOPTS" (multi-

objective optimization of timber structures) is developed herein. It intends to serve as an aid to engineers, 

planners, investors, and stakeholders in order to find sustainable and economical solutions of industrial 

timber bearing systems in the very early phases of construction planning by using optimization processes 

with the help of parametric modelling.  

2. Methodology 

The MOPTS-tool is developed within the commercial Software Rhinocero3D [6] with the help of the visual-

based programming language Grasshopper3D [7]. The structural modelling, based on computational 

parametric algorithms of the Grasshopper3D-environment, the finite element (FE) analysis with Karamba3D 

[8] and the optimum´s evaluation with assistance of MOO constitute the functional and methodological 

approach of the MOPTS-tool, see also Fig. 1. 

 

Fig. 1: Methodological approach of the MOPTS-tool. 

The functionality of parametric algorithms allows to define structural-topological data of (FE) models 

depending on each other. Sakamoto describes the essence of parametric design in his work “From Control 

to Design” [9] as follows: “based not on fixed constant metric quantities, but on consistent relationships between 

the objects”. Thus, changing one input parameter will affect subsequent changes in other corresponding 

data. The parametric algorithms available in Grasshopper3D play an indispensable role in the structural 

optimization within the MOPTS tool and provide flexibility in the structural modelling and in the result 

evaluation.  

The finite element analysis (FEA) with Karamba3D provides deformations, inner forces, and stresses. They 

are subsequently used for the structural design according to the building codes – in the case of MOPTS tool 

– according to Eurocode (EC) with the usage of Austrian National Application Document (NAD).  

The concept of MOO is considered within the MOPTS tool. Thus, the optimization’s problem represents a 

multi-criterial state, that means that more than one target function (fitness function 𝑓𝜈) is to be optimized 

concurrently. Improvements in one objective function can lead to deterioration in other objective functions, as 

Stein states in [10]. 

One of the most popular ways of solving MOO problems is establishing the Pareto front, which is represented 

by not (weakly-) dominated efficient points (solutions) [11]. The scaling method is used as an aid to the 

solution´s finding for multi-objective optimization within the MOPTS tool. Within the framework of this 

method, the multi-dimensional problem is aggregated into a one-dimensional stage with the usage of so-

called weight factors 𝜆𝜈 ∈ 𝛴 as stated in (1). 

𝑚𝑖𝑛
𝑥

 ∑𝜆𝜈𝑓𝜈(𝑥)         𝑠. 𝑡.           

𝑁

𝜈=1

𝛴 ≔ {𝜆 ∈ ℝ𝑁|𝜆 ≥ 0,∑𝜆𝜈 = 1

𝑁

𝜈=1

} (1) 

3. Framework 

The MOPTS tool can be subdivided in several parts, namely in data input, compilation of variants, Finite 

Elements (FE) analysis, optimum evaluation, and finally verification. The individual components together with 

their dependencies are depicted in Fig. 2. 
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Fig. 2: Componential functionality of the MOPTS tool. 

3.1. MOO parameters 

With the help of minimum/maximum values and increments (steps), the ranges of discrete variables will be 

defined. They help to compile all possible variants of the structural and geometrical model topology. If a 

range of the discrete variable consists only of one integer, then this value will be considered as constant for 

the whole optimization process. The discrete ranges of variables can be defined for the beam parts and 

components (depending on type and shape). The MOO parameters are listed in Table 10 and depicted in 

Fig. 3. 

Table 10. MOO parameters in MOPTS tool 

Variable parameters for MOO (ranges of discrete variables) Constant parameters for MOO 

Roof inclination 𝛼1, 𝛼2. Coordinates of the start point (left supporting node). 

The inclination of the bottom edge 𝛽1, 𝛽2. Vector of the beam´s direction in cartesian space. 

Fillet radius of the bottom edge 𝑅 (if possible). Span length (industrial hall´s width). 

Cross section´s height at supporting points ℎ1, ℎ2. Industrial hall´s length (second dimension). 

Cross section’s width 𝑏𝑄𝑆.  

Height difference between supporting points Δℎ.  

The distance between bearing frame elements 𝑎𝑓𝑟𝑎𝑚𝑒.  

 

 

Fig. 3: MOO parameters in MOPTS tool (depending on the form type). 

The compiled construction variants will be dispensed if the geometry is obviously not possible, e.g., the 

bottom edge intersects the top edge, or the fillet radius is too big. All possible variants of geometry will be 

saved in random-access memory (RAM) buffer and undergo the further analysis (FEA and MOO). This novel 

approach replaces evolutionary solvers within the MOPTS tool.  
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3.2. Structural design 

Structural FE modeling and design within the MOPTS tool is carried out with the linear-elastic orthotropic 

material properties of glued laminated timber Gl24h (GluLam) according to ÖN EN 14080 [12]. However, due 

to limited functionality of Karamba3D version 2.2.0, the orthotropic stiffness definition is given without the 

differentiation regarding not only local load direction (parallel and perpendicular to wood fibers) but also 

load type (axial and/or bending). Neuhaus [13] gives the comparison of the stiffness parameters of timber 

products depending on the local load direction and load type. This shortcoming of Karamba3D is overcome 

by assumption of the sufficient bracing of the timber structure in the MOPTS tools. As a result, there is no 

risk of global or local stability loss. Thus, one can neglect the initial imperfections due to high eigenvalue of 

the beam under the loads in ultimate limit state (ULS) and only take membrane forces into the account. 

Loads are defined in compliance with the EC and Austrian NAD with the usage of Grasshopper´s parametric 

algorithms. Only basic information about the loads, such as the dead load per unit area 𝑔𝑘 (e.g., from 

insulation layer), reference wind speed pressure 𝑞𝑏,0 according to Austrian Standards ÖN EN 1991-1-4 [14], 

ÖN B 1991-1-4 [15] and also characteristic value of the snow load on the ground 𝑠𝑘 according to ÖN EN 

1991-1-3 [16] and ÖN B 1991-1-3 [17] must be defined by the user. The standard-compliant load 

combinations will be automatically defined depending on the roof type and shape. In addition, one load 

situation with internal pressure (IP) and another one with internal suction (IS) is defined for each wind load 

scenario. Only the wind loads perpendicular to the length of the hall are considered within the structural 

analysis in MOPTS. Payloads of category “H” (maintenance and repair) are not considered within the 

framework.  

A horizontally stiffened simple single-span beam is considered as the structural system. The ULS is thus 

defined by stress analysis in the cross-section according to ÖN EN 1995-1-1 [18] and ÖN B 1995-1-1 [19]. The 

serviceability limit state (SLS) is defined by the limitation of deformations both in the initial state (elastic 

deformation in the characteristic SLS) and in the final state (long-term deformation in the quasi-permanent 

SLS). Both aspects are considered in the framework of the structural design in MOPTS tool.  

3.3. Optimization 

All utilization criteria for cross-section´s and deformation´s evaluation according to ÖN EN 1995-1-1 and 

ÖN B 1995-1-1 serve as constraints for MOO, whereby the limit values must be defined by the user. The 

possible variants of construction whose limit values are exceeded within the structural design in SLS and 

ULS, won´t be used for the evaluation of the optimum. These variants are considered as  

not standard-compliant. Four fitness functions are defined in the MOPTS tool. These fitness functions are the 

total mass of all timber beams 𝑓𝑚, the ratio between the usable inner volume and maximal volume 𝑓𝑣𝑜𝑙, targeted 

utilization in SLS 𝑓𝑆𝐿𝑆 and targeted utilization in ULS 𝑓𝑈𝐿𝑆. Thus, a four-dimensional optimization problem is 

solved in MOPTS, reading as 

𝑚𝑖𝑛[(𝜆𝑚𝑓𝑚 + 𝜆𝑣𝑜𝑙𝑓𝑣𝑜𝑙 + 𝜆𝑈𝐿𝑆𝑓𝑈𝐿𝑆 + 𝜆𝑆𝐿𝑆𝑓𝑆𝐿𝑆)
−1], (2) 

whereby 𝜆𝜈  are weight factors which must be defined by the user. Notably The fitness functions are 

designed in such a way, that the mass of all timber beams is minimized, the ratio between the usable inside 

volume and maximum volume is maximized and absolute difference between targeted and calculated 

utilization in SLS and ULS, respectively, is minimized.  

All fitness functions 𝑓𝑚, 𝑓𝑣𝑜𝑙, 𝑓𝑈𝐿𝑆 and 𝑓𝑆𝐿𝑆 need to be standardized in order to be aggregated to one-

dimensional equation according to (2). Thus, the best solution for every fitness function of all calculated 

standard-compliant construction variants (genomes) will be rated with value 1 and the worst genome with 

0. Other variants in-between these two extremes will be linearly interpolated, so one can state that 𝑓𝜈 ∈

[0; 1]. The standard-compliant genome with the minimal value according to minimization problem (2) can 

be considered as optimum solution. 
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4. Case Study 

To prove the plausibility of the developed MOPTS tool, a test study was carried out based on an already 

built-up object. The object represents an industrial hall with rectangular shape (Width/Length = 27m/40m), 

considered of two partitions with 17.65m and 9.25m span length. The bearing structure is defined by frame 

elements (with a distance of roughly 5m) consisting of GluLam timber beams which are situated on 

reinforced concrete columns. The cross-section of the GluLam beam has a rectangular shape with variable 

heights (Height1~Height2/Width = 125cm~80cm/22cm). The horizontal loads, e.g., wind loads, are 

transferred to the foundations via wind braces. The sufficient stiffening of the upper edge of the wooden 

beam is given by the trapezoidal steel sheet and wind bracing. Fig. 4 displays the structural system. The 

load values are based on the test case object and defined as follows:  

𝑔𝑘 = 0.67 𝑘𝑁/𝑚² , 𝑠𝑘 = 0.65 𝑘𝑁/𝑚²  and 𝑞𝑏,0 = 0.40 𝑘𝑁/𝑚²  (Terrain category “landlocked”).  

 

Fig. 4: Structural model of the test case object. 

The MOO process was executed with the following weight factors: 𝜆𝑚 = 0.50, 𝜆𝑣𝑜𝑙 = 0.30, 𝜆𝑆𝐿𝑆 = 0.10 and 

𝜆𝑈𝐿𝑆 = 0.10. Two test case structures were considered: a hall with a single beam spanning over the whole 

27m wide hall (Test case 1), and a hall with a middle support column after 9.25m with two separated beams 

(Test case 2, matching the constructed hall).  

5. Discussion 

As one can state after the optimization´s process was finished, the flat roof represents the best solution 

with defined weight factors. Compared to the comparison object (Fig. 4), the solutions from both test cases 

have advantages regarding the needed amount of bearing frame elements (6 elements instead of 9). The 

optimum from test case 2 would have granted almost 5 tons of material saving, the construction of a single-

parted hall (optimum from test case 1) would only be possible with an additional consumption of approx. 

6 tons of timber. However, the additional costs due to the special transport of long timber beams (𝐿 ≈ 27𝑚) 

must be taken into account. It can be reimbursed through necessity of only two support columns. The 

results of MOO process of the two test cases and their comparison to the already built object are displayed 

in Fig. 5 

 

Fig. 5: Comparison of both optimal variants from test cases and the already built object. 
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Due to nearly equal ratio between usable inner volume and the maximal volume of all three variants in Fig. 

5, the final decision regarding the bearing structure can be made with the help of another MOO process. 

The fitness functions in this case would be represented by the amount of hall partition and total mass of all 

beams with corresponding weight factors. Those factors can be chosen by the user or rather the investors.  

Clearly, the result of the MOO process of the MOPTS tool can only support the final decision. The geometry 

of the flat roof GluLam beams may be adjusted, e.g., to ensure the roof´s inclination for water drainage. 

Small adjustments of the structural topology are possible without greatly effecting the results of MOO.  

The research results of this paper and presented novel approach of MOPTS tool confirmed the efficiency of 

structural design and optimization with the usage of parametric modelling, as also the research in [20] 

shows. In summary, a plausible, sustainable, and cost-saving variant of the bearing structure can be chosen 

already in the early phases of planning by examining numerous possible solutions and comparing them 

with the help of the novel concept and the MOO methods described in this paper.  
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