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Abstract

Reducing embodied carbon in residential buildings with similar multi-story typologies motivates the
development of frameworks to limit the construction industry’s environmental impact. One approach for
optimizing material use is to locally optimize the structural geometry of individual building components.
However, to more globally achieve the highest possible embodied carbon savings with such optimization
methods, a holistic approach for large-scale buildings needs to be considered. Therefore, this paper
proposes a topology optimization methodology to reduce the building-scale level embodied carbon of
concrete structures. Based on the Julia TopOpt package, a minimum volume optimization problem
formulation with a combined displacement and compliance constraint is implemented. The basis for the
optimization are two-dimensional building frame structures, mimicking the standard design of multi-
story buildings. Comparing the results with the material volume of well-tried building techniques shows
possible concrete material reductions ranging from 10% to 50%. To make this method easily accessible,
the paper develops an automated input framework to optimize standardized multi-story buildings while
only requiring a small number of user-provided boundary conditions and parameters. This workflow
enables a preliminary sensitivity analysis and quantification of potential embodied carbon savings on a
building-scale level at an early design stage.

Keywords: building-scale optimization, embodied carbon, parametric design, structural optimization, topology
optimization, automatic differentiation

1. Introduction

The building construction industry is responsible for 6% of global carbon emissions [1], which under-
lines the importance of reducing embodied carbon in structures. Many recently constructed residential
buildings comprise multi-story structures, adhering to a similar architectural typology. One strategy for
more efficient material use is the structural optimization of individual components by using, for instance,
topology or shape optimization methods. However, to understand the potential material reduction across
the full design space of a building, the influence of these methods should be considered holistically
across the full building.

1.1. State of the art

Structural optimization is a fairly mature field of research in civil engineering and architecture, which
has recently been utilized to reduce embodied carbon in structures (Ching et al. [2]). It can be divided
into size, shape, topology, and multi-objective optimization (Mei et al. [3]). These optimization methods
can be tailored to reinforced concrete structures (Afzal et al. [4]) and can achieve material reductions of
almost 50% (Ismail et al. [5], Costa et al. [6]).
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A first step toward holistic models is the simultaneous optimization of floor slabs and foundation sys-
tems, reducing the required embodied carbon by 75% compared to classical building designs (Feickert
et al. [7]). This value shows the potential of further exploring even more integrated methods as it was
shown that the structural geometry has a significant impact on the embodied carbon (Gauch et al. [8]).
However, such methods do not fully consider the possible design space by restricting their optimization
formulations to selected structural components or discrete design variables (Tamrazyan et al. [9], Kripka
et al. [10]).

For the extension of the design space, the use of building-scale topology optimization is promising and
can, for instance, be applied for the compliance minimization of braced frames (Stromberg et al. [11]).
Another method, which is similar to the idea of this paper, is the minimization of the structural weight
(Liang et al. [12]). The included compliance constraint can be replaced by a maximum displacement
constraint, which is a more intuitive parameter, especially for engineers (Chen et al. [13]).

Another research topic in topology optimization, besides varying the problem formulation, is the inte-
gration of more realistic material mechanics instead of simply assuming an isotropic model. Since, with
concrete, a broad range of designs can be fabricated, specific topology optimization formulations exist
for this type of material (Stoiber et al. [14]).

The respective problem formulations and applications described above are rather involved, and their re-
sults cannot be easily compared to “business as usual” structural benchmarks such as moment frames.
Therefore, these methods should be made more tangible and accessible to structural designers, engineers,
and architects and improve collaboration (Smith et al. [15]). This can be achieved by providing frame-
works for building-scale topology optimization (Beghini et al. [16]) and for simultaneous optimization
of form and function (Zegard et al. [17]). Another interesting area for such automated approaches is the
estimation of embodied carbon in steel framing systems (Weber et al. [18]).

1.2. Motivation

There is a significant need to reduce the environmental impact of the construction and concrete industry.
One promising research focus is optimization methods for a more efficient material use. However,
there is still potential for investigation, especially by applying these methods to full-scale buildings and
making them more available to practicing engineers and architects. Therefore, this paper presents a
user-friendly framework for applying and testing topology optimization methods on building frames. It
expands the design space using continuous variables and only requires a small number of user-provided
inputs (Section 2.). The problem considers concrete material, which is, with its flexibility, best suited for
the complex shapes resulting from the topology optimization procedure and is also highlighted by the
United Nations Environment Programme [1]. The framework allows conducting a sensitivity analysis
for different parameters (Section 3.), enabling the quantification of possible material savings compared
to as-built structures at an early design stage.

2. An automated topology optimization framework for material minimization

This paper implements a minimum volume optimization problem formulation with a differentiable dis-
placement constraint using the concept of automatic differentiation. Additionally, the formulation in-
cludes a novel scaled compliance parameter, improving the otherwise deficient convergence properties
of the problem, as demonstrated in Section 2.3.. The topology optimization program uses a continuum-
based finite element approach in combination with the gradient-based method of moving asymptotes.
The full workflow is displayed in Figure 1, and detailed explanations of each step are provided below.
The minimum compliance problem is necessary to determine a reasonable value for C},; as input to
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the following step, which supports the goal of reducing the required material in the structure. After
comparing the determined material of the benchmark example, described in Section 2.4., the framework
quantifies the material savings potential of the topology optimization method.

Minimum 2C Minimum
@}—wompliance tol volume [——> Required Material
formulation formulation Quantification of|
optimization
potential
Benchmark] Required Material
example

Figure 1: Automated framework consisting of user input (Section 2.1.), minimum compliance (Sec-
tion 2.2.), novel minimum volume topology optimization formulation ( 2.3.) and benchmark comparison
(Section 2.4.).

2.1. User input

The framework is based on limited user input, as specified in Table 1, excluding the nonintuitive com-
pliance value. It is very applicable for practicing structural designers because no actual formulation of
the optimization problem is necessary. Its straightforward way of creating results in a short amount of
time allows for a sensitivity analysis of different parameters. The procedure is demonstrated based on
a two-dimensional concrete building frame with three stories (see Figure 2 (left)), where the respective
values for the input variables are specified in Table 1 and an isotropic material model is implemented.
The design domain for the topology optimization is defined as shown in Figure 2 (right). It is discretized
with a mesh consisting of 128 x 288 elements, which was identified as a good compromise between
precision and computational time for the purpose of this paper.

Table 1: Definition of the user input parameters for the framework and values used for the example
building frame structure.

Engineering parameters Exemplary values
Width [m] 8.0
Height [m] 12.0
Young’s modulus E [%] 27.0
Poisson’s ratio v 0.20
Gravity load [%] 0.0
Lateral load [kN] 15.0
Number of stories 3
Allowable displacement [m] 0.03
Algorithmic parameters

Compliance scaling factor c; 1
Compliance scaling factor ¢, 1
Filter radius 0.4

2.2. Minimum compliance formulation

As a next step, the inputs are used to perform a standard minimum compliance topology optimization,
subject to a volume constraint. Here, the framework follows the problem formulation in Equation (1),
which can be considered equal to maximizing the stiffness. The compliance is computed by multiplying
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the global force vector F with the displacements d. The formulation aims to optimize the element
densities p®, defined as design variables. They are bounded by a minimum density p; ., from below
(corresponding to a void element) and a value one from above (material element). The displacements
d are computed via a finite element analysis using the global stiffness matrix K, which depends on the
design variables and again the force vector F. This computation is described in the state equation h,
which enforces the equilibrium condition. Additionally, a volume constraint g is implemented, ensuring
that the sum of the element volumes of the material elements, computed by a multiplication of the
respective element density p® and the element volume v°, does not exceed a certain maximum volume
V.

Height
Height

Width Width

Figure 2: The geometry of the two-dimensional building frame used as a basis for the optimization
(left). The respective input values are denoted in Table 1 and the design domain is defined on the right.

minimize f=FTd
e

subjectto h=K(p°)d—F =0

g:Zpeve—VSO 1
eef)
pfnin < pe < 1 Ve

This formulation results in the optimized structural design in Figure 3 (left) with the specified values
for the volume, the maximum displacement at the top right corner of the frame, and the compliance.
However, following building code requirements, the maximum allowable displacement is defined by
&, indicating the potential to optimize the structure further.
2.3. Minimum volume formulation

The embodied carbon in the structure should be reduced instead of the volume fraction being prescribed
beforehand. Therefore, the next step performs a topology optimization to minimize the material volume,
which corresponds to the material area in the displayed two-dimensional case. The objective is subject
to a combined displacement and compliance constraint as defined in Equation (2) (right), where this
paper is, to the authors’ knowledge, the first one to propose and test this formulation. Because of the
mono-material assumption, the minimization of material can be considered equal to the minimization of
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Figure 3: Frame structures resulting from the minimum compliance topology optimization (left) and the
minimum volume formulations (center) in comparison with a benchmark example (right). The optimized
design in the center-right achieves a material reduction of 15% compared to the benchmark.

embodied carbon. Another motivation for this is that the volume constraint is usually fully utilized for
the standard formulation, which may not be the most efficient solution regarding sustainability metrics.

The engineering formulation in Equation 2 (left) containing only one displacement constraint, applied
at the top right corner of the structure, which is the assumed location of maximum displacement, runs
into numerical instabilities and leads to disconnected results as shown in Figure 3. Therefore, this paper
uses a combined compliance and displacement constraint. In Equation 2 (right), this joint constraint is
defined, where twice the value of the previously computed compliance value is used as an input for Cj,
to avoid the user’s prescription of a compliance threshold. Tarek et al. [19] have shown that compliance
positively influences the numerical properties by intrinsically ensuring material placement at the load
application points. The scaling factors c¢; and ¢y regulate the influence of the compliance on the overall
optimization procedure. The maximum allowable displacement value d;,; follows the building code
requirements described in Section 2.2..
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The resulting design is shown in Figure 3 which, except for small details, results in a similar form to the
minimum compliance formulation. The structure shows a lower area than the previous example, sup-
porting material and embodied carbon reduction, and the maximum displacement is still conservatively
contained in the range defined by the building code.

2.4. Benchmark comparison

The result is compared with a benchmark example to assess the potential material savings for the
topology-optimized structure. The standard design displayed in Figure 3 (right) represents the frame. A
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finite element analysis is conducted on the parametrically modeled structure. To estimate the required
material to sustain the applied load and keep the maximum displacement in the prescribed range of al-
lowance, the width of the columns w, and the height of the beams h; are set as variables. To simplify
the problem, they are put in relation to each other by hy, = 1.5 X w.. The remaining single design
variable w,. gets modified until the structure shows a displacement of approximately d;,;. Finally, the
total material area and area fraction, which corresponds to the volume fraction in two dimensions, are
computed by summing up the contributions of each structural component. After evaluation, the opti-
mized structure in Figure 3 shows a 15% decrease in material, indicating the potential impact of using
topology optimization methods on a building-scale level compared to as-built techniques.

2.5. Implementation

The implementation is performed using the Julia TopOpt package [20], which enables evaluating the
gradients by automatic differentiation. The solutions are computed using the method of moving asymp-
totes with a convergence tolerance of 10~%. For the above results, a filter radius of 0.4 and compliance
scaling factors ¢; = co = 1 are used. However, the algorithm is highly sensitive to these parameters, as
demonstrated in the following section.

3. Sensitivity analysis

The framework’s setup allows for a sensitivity analysis of not only algorithmic but also engineering
parameters. This enables an early-stage assessment of the influence of certain parameters on the overall
structure and the required material. Each result is generated in the order of minutes, where the minimum
compliance optimization takes significantly longer than the volume minimization. However, it becomes
visible that the element densities do not take clear binary values. Future work could study how to
circumvent this behavior, and the current results can be seen as a compromise between a conceptual and
a physically meaningful result.

3.1. Engineering parameters

This section focuses on parameters related to the design and visual appearance of the structure as well
as the engineering mechanics behind it. Another aspect that is not further elaborated in the scope of this
paper is the change in the applied loading. The effects in saving are lower for a gravity and a combined
load case, indicating a better performance of the moment frame in cases where the vertical displacement
is governing.

3.1.1. Young’s modulus

The first parameter that is varied is the Young’s modulus, with variables lying in the general range
for concrete material. One can observe from Table 2 that the stiffer the material, the less the material
savings of the optimized structure compared to the benchmark example. This result is not surprising, as,
in general, the strength of structural optimization methods lies in low-strength material.
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Table 2: Possible material savings for varying Young’s modulus E. With increasing E, the optimization
potential decreases.

Young’s modulus E [%} Material savings [%]
27.0 15.0
35.0 9.0
44.0 8.0

3.1.2.  Number of stories

The number of stories is highly influential on the saving potential. As shown in Figure 4, an increase
in height allows for larger savings. This results from the fact that the topology-optimized structure
follows the load-bearing principles of a truss and, therefore, shows improved performance compared to
a moment frame. However, the available computational resources could not process samples with more
than eight stories.

30

10

3 4 5 6 7 8
Number of stories
Figure 4. Relation between the number of stories and the possible material savings of the topology-
optimized structures compared to the benchmark. Overall, an increase in height allows for larger savings.

3.2. Algorithmic parameters

This section briefly overviews the results’ sensitivity to the compliance scaling factors and the filter
radius. It becomes clear that the optimization formulation does not yet show stable performance and
is strongly dependent on the chosen parameters, as displayed in Figure 5. Another aspect to analyze is
the influence of the initialization, where a similar pattern with a high dependence on the result can be
observed. This behavior is likely related to the problem formulation’s strong non-convexity.
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Figure 5: Optimized designs based on variations in compliance scaling factors and filter radius. The
resulting savings strongly depend on the exact choice of the values, indicating an unstable algorithm
behavior.

4. Discussion and conclusions

This paper provides a framework that quantifies the material-saving and embodied-carbon-reduction po-
tential with topology optimization methods. It is applied to concrete building frames at an early design
stage to provide a method for comparison to as-built techniques and designs. Given that it only requires
a limited number of input variables, such as geometry, Young’s modulus, and allowable displacement,
it is especially applicable to practicing engineers without the need to be familiar with the details of
the optimization formulation. Standard building code formulas can be applied for the prescribed dis-
placement while the framework provides the compliance value. This novel formulation operates on
a carbon-emission-relevant metric, as, for mono-material structures, it can be assumed to be propor-
tional to the material usage. This workflow allows an easy sensitivity analysis and an assessment of
the influence of certain parameters on the final design, the required material, and the possible savings.
This straightforward way of creating many different results using automatic differentiation could also
serve as a basis for creating a training dataset for a predictive machine-learning pipeline for generating
topology-optimized building frames.

In the examples presented, substantial possible material reductions ranging from 10% to 50% were
shown, indicating that significant savings are possible when considering a larger design space. Although
topology optimization methods have only recently been applied to building structures, the results demon-
strate its potential. For most structures, the displacement constraint was satisfied very conservatively,
indicating the capacity to optimize the structures further and increase the savings even more. However,
it has to be noted that additional postprocessing and accounting for other failure mechanisms, such as
buckling, stress, and strength, would be necessary to ensure constructability and achieve a realistic esti-
mate, which might be smaller than the ones presented in this paper. As shown in Section 3., the results
are strongly sensitive to the algorithmic parameters, making future tuning necessary to ensure stable re-
sults. The next steps will include improving the implementation to account for larger structures than the
ones presented in this paper. The model will be extended to three dimensions to examine out-of-plane
effects in future work. Finally, the material mechanics should consider high-fidelity structural mechanics
instead of an isotropic material law.

In summary, the framework proposes a strategy to make topology optimization more accessible to prac-
ticing engineers. The quantification of possible material and embodied carbon savings motivates the
usage of structural optimization methods at an early design stage, taking a step towards reducing the
construction industry’s environmental impact.
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